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ABSTRACT 
 
 
Gray mold is one of the most devastating diseases infecting strawberries worldwide.  
Though Botrytis cinerea is the most common causal agent of this disease, five other 
species are also currently known to cause gray mold on strawberry: Botrytis 
pseudocinerea, Botrytis caroliniana, Amphobotrys ricini, Botrytis mali, and Botrytis 
fragariae.  This work focuses on the newly described species B. fragariae in the Mid-
Atlantic United States: its discovery, distribution, and fungicide resistance patterns.  B. 
fragariae was originally detected in a study of Botrytis species infecting German 
strawberry fields.  It was later detected in the United States through research on the 
fungicide polyoxin D.  Isolates were found with reduced sensitivity to this fungicide, 
though polyoxin D had not been applied in the locations where reduced sensitivity was 
detected.  This reduced sensitivity was later found to be characteristic of many isolates of 
B. fragariae.  Further characterization of this species revealed an apparent preference for 
strawberry flower over fruit tissue, and a seeming absence of B. fragariae in nurseries 
producing strawberry transplants.  When B. fragariae and B. cinerea were compared in 
fungicide resistance profiles and chemical class resistance profiles, both profiles were 
different between species.  Most importantly, B. fragariae isolates did not exhibit 
resistance to the Succinate Dehydrogenase Inhibitor fungicides, but exhibited higher 
frequencies and levels of resistance to the commonly used active ingredient fludioxonil 
than B. cinerea.  Future work is necessary to investigate B. fragariae’s genetic 
differences from B. cinerea, to further understand its geographic distribution, and to show 
the relative importance of this species to strawberry production worldwide.
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CHAPTER ONE 
 
A REVIEW OF GRAY MOLD ON STRAWBERRIES 
 
Background 
 
Strawberry production plays an important role in the United States’ economy.  As 
the world’s second largest strawberry producer, the USA generates nearly $2.3 billion 
worth of strawberries each year, according to the most recent agricultural survey (Food 
and Agriculture Organization of the United Nations 2017; Noncitrus Fruits and Nuts 
2016 Summary 2017).   Because most of these strawberries are not processed, but are 
sold fresh, maintaining high fruit quality is essential for successful sales and continued 
customer satisfaction (Noncitrus Fruits and Nuts 2016 Summary 2017).  However, 
production costs can be high, particularly in the southeastern and Mid-Atlantic United 
States where pests and diseases can cause significant yield loss and crops need to be 
managed throughout the season with fungicides and insecticides that are often applied 
weekly (McWhirt et al. 2014; Hokanson and Finn 2000).  
There are many diseases that affect strawberry production, including anthracnose, 
red steele, Fusarium wilt, and angular leaf spot.  Arguably, the most important and 
widespread disease affecting strawberry production is gray mold (Koike and Bolda 
2016).  Yield losses can be as high as 50% of the crop when the disease is not managed 
(Gianessi and Reigner 2005), and even when fungicides are applied according to 
recommendations, disease incidences can be as high as 15%, with postharvest incidences 
around 17% (Blacharski et al. 2001; Mertely et al. 2000).  In Georgia, and many other 
states, the cost of controlling gray mold is one of the largest expenses incurred by 
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strawberry growers each year (Little 2017; Williams-Woodward 2013).  Gray mold is 
particularly detrimental because it is so widespread and can cause significant losses in 
every stage of production: bloom, fruiting, and post-harvest.   
The disease cycle of gray mold begins when conidia are transferred to flowers in 
early spring by rain-splash and wind.  Ascospores are not known to cause this disease.  
Inoculum may originate with myceliogenic germination of overwintering sclerotia in soil 
or on plant residues from the previous year, from infected transplants, or from weeds 
outside the field (Ishii and Hollomon 2015; Jarvis 1962; Strømeng et al. 2009; Oliveira et 
al. 2017).  Infection is favored by temperatures ranging from 15°C to 25°C and rain 
events leading to plant organ wetness for 12 hours and longer, because these conditions 
are ideal for formation of water films which are necessary for conidial germination 
(Wilcox and Seem 1994; Bulger et al. 1987; Cordova et al. 2017; MacKenzie and Peres 
2011).  Because conidia must be surrounded by water to germinate, direct fruit and 
vegetative tissue infections do not often occur, since water quickly runs off their surface 
or evaporates.  However, flowers are an ideal primary infection court, since water easily 
becomes trapped between petals and the receptacle which later becomes the fruit (Jarvis 
and Borecka 1968; Boff et al. 2003).  When flowers are already damaged by frost, the 
likelihood of infection increases, since gray mold pathogens are necrotrophic.  Infected, 
detached petals resting on healthy fruit may result in even more fruit infections than 
direct conidial penetration or infection through attached blossom tissue (Jarvis 1962).   
Signs and symptoms of gray mold vary based on the part of the plant infected 
(Koike and Bolda 2016).  Vegetative tissues, such as young leaves, often develop 
 3 
quiescent infections, followed by colonization of leaves, then fungal sporulation after 
senescence.  Mature leaves are rarely, if ever, infected.  In reproductive tissues, blossoms 
gradually become discolored, and petals, receptacle, and sepals turn brown.  Infection 
may also travel down the peduncle, resulting in withering of both flower and fruit.  In 
ideal conditions, sporulation may occur on blossoms, but this is not frequently observed 
(Guido Schnabel, personal comm.) The fungus may also grow from the blossom into the 
calyx of maturing fruit to produce stem end rot.  Fruit infections begin as soft brown 
lesions, and gradually grow to cover the whole strawberry until fuzzy gray masses of 
conidia cover the entire fruit (Koike and Bolda 2016). 
Gray mold management 
 
Cultural controls for gray mold on strawberry.  Gray mold is difficult to 
manage using solely cultural controls, though these effectively decrease inoculum levels 
and are a necessary part of good farming practices.  One of the most effective cultural 
controls for other diseases is plant resistance.  Unfortunately, it is difficult to develop or 
engineer plant resistance to the pathogens causing gray mold since they are necrotrophic.  
However, some strawberry cultivars are more susceptible or tolerant to the disease than 
others.  For example, the commonly used cultivar “Sweet Charlie” is especially 
susceptible to gray mold, though it is still widely used because of its high yield, excellent 
taste, and tolerance to anthracnose fruit rot (Legard et al. 2000).  On the other hand, gray 
mold incidence is lower on the cultivar “Camarosa,” but this cultivar is more susceptible 
to anthracnose fruit rot (Legard et al. 2000; Seijo et al. 2008).  Cultivar susceptibility may 
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largely be a function of how much sepals and fruit shoulders are touching. If sepals do 
not touch the shoulder at all, less infection can be expected (Schnabel, pers. comm.).   
The most commonly applied cultural control for gray mold on strawberry is to 
remove decaying vegetative tissue and fruit from the field, in an attempt to decrease 
disease pressure.  The rationale for this cultural control is that inoculum is significantly 
reduced when dead leaf, flower, and fruit tissue are removed from the field. Though this 
practice is commonly carried out in both annual and perennial strawberry fields, several 
studies indicate that removal of diseased plant tissue does not significantly decrease 
disease incidence (Koike and Bolda 2016; Mertely et al. 2000). The other argument for 
reducing the inoculum is related to fungicide resistance. If fewer genotypes are present in 
the field, the pathogen may not adapt as quickly to fungicide applications. But data to 
support this hypothesis are lacking.   
Because water films are required for infection, increasing the flow of air and area 
of plant exposed to the sun is an effective method for decreasing gray mold disease 
incidence.  Increasing plant spacing significantly decreases disease incidence, but also 
significantly decreases yield (Legard et al. 2000).  However, using cultivars with less 
foliage increases airflow without drastically decreasing yield.  Drip irrigation is also an 
effective way to decrease water film formation, since overhead sprinklers create the 
moisture necessary for a disease outbreak (Mertely et al. 2000).  High and low tunnels 
also significantly decrease gray mold disease incidence in the field by protecting plants 
from prolonged rain events.  Gray mold incidence is often so low under tunnels that 
fungicide applications for this disease are unnecessary (Demchak 2009; Xiao et al. 2001).  
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Unfortunately, this cultural control is costly, and may provide optimal conditions for 
other pathogens such as powdery mildew (Xiao et al. 2001).   
Preventing post-harvest disease with cultural controls is also important.  One of 
the most necessary cultural controls is careful handling of fruit during harvesting and 
packing, since fruit injuries often lead to post-harvest gray mold outbreaks.  Timing of 
harvest is also critical to ensure that berry tissue is hard enough to withstand post-harvest 
handling, but that berries are also ripe enough for sale.  Hydrocooling of berries directly 
after harvest is also effective in decreasing post-harvest disease incidence (Boyette et al. 
1989).   
 
Chemical controls for gray mold on strawberry.  Chemical control is a critical 
component of most gray mold management programs, particularly in the southeastern 
USA where disease pressure is high (Brannen et al. 2017).  Multi-site fungicides such as 
captan and thiram inhibit spore germination, but cannot compare to single-site fungicides 
in efficacy.  Captan is also weakly carcinogenic (Pesticide Information Profile: Captan 
1993) and is therefore undesirable to use.   
There are multiple fungicides with single-site modes of action available for 
controlling gray mold on strawberry: Methyl benzimidazole carbamate fungicides 
(MBCs; FRAC 1), Dicarboximides (DCs; FRAC 2), Succinate Dehydrogenase Inhibitors 
(SDHIs; FRAC 7), Anilinopyrimidines (APs; FRAC 9), Quinone Outside Inhibitors 
(QoIs; FRAC 11), Phenylpyrroles (PPs; FRAC 12), and Hydroxyanilides (SBIs; FRAC 
17).  Unfortunately, resistance to these fungicides is common, and single fungal isolates 
with resistance to several of these classes at the same time are also regularly found.  
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Because of this, there is a necessity for resistance management (Fernández-Ortuño et al. 
2014). 
The active ingredient polyoxin D has a unique mode of action (FRAC 19; chitin 
synthase inhibition) and was registered for use on strawberries in the United States in 
2008, though a fungicide composed of a complex of polyoxins has been available in 
Japan for many years (Eguchi et al. 1968; Ohta et al. 1970).  Polyoxin D’s low toxicity 
earned it a government exemption from the requirement of a tolerance and a 0-day pre-
harvest interval for strawberries (Polyoxin D zinc salt; exemption from the requirement 
of a tolerance. 2018), and its efficacy was equivalent to that of the multi-site fungicide 
thiram in California field trials (Adaskaveg et al. 2011).  Its unique mode of action and 
low toxicity make it an ideal rotation partner and aid in fungicide resistance management. 
Species of Botrytis causing gray mold on strawberry 
Gray mold of strawberry is caused by several Botrytis spp., particularly B. 
cinerea.  The genus Botrytis was first described by Pier Antonio Micheli in 1729, and, 
since then, over 30 species of Botrytis have been described (Beever and Weeds 2007, 
Walker 2015).  The genus name Botrytis was retained after the one-fungus-one-name 
adjustments to the fungal naming system occurred in 2011 (Johnston et al. 2014).  
Taxonomically, Botrytis is in the kingdom Eumycota, phylum Ascomycota, class 
Leotiomycetes, order Helotiales, and family Sclerotiniaceae.  In keeping with these 
groups, it is a filamentous fungus that produces inoperculate asci in an apothecium in its 
sexual stage, and produces sclerotia as survival structures that may produce asexual 
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spores by myceliogenic germination of sclerotia, or may be fertilized by microconidia to 
form sexual structures (Fillinger and Elad 2015).   
Species within the genus Botrytis are typically defined by the morphological, 
biological, ecological, and phylogenetic species concepts.  Staats et al. have established 
excellent phylogenetic markers that effectively differentiate species of Botrytis, since the 
commonly used internal transcribed spacer regions (ITS) are typically not sufficient for 
Botrytis species differentiation (Staats et al. 2005). 
Currently, five Botrytis spp. and one Amphobotrys spp. are known to cause gray 
mold on strawberry (Table 1.1).  Botrytis cinerea is the most well-known and widespread 
of these species, though B. pseudocinerea and the newly described species B. fragariae 
are also found on more than one continent with higher than 50% incidence in some 
collections from individual locations (Rupp et al. 2017; Plesken et al. 2015).  Since B. 
cinerea and B. fragariae will be discussed later in detail, this part of the literature review 
will focus on B. pseudocinerea and the minor species causing gray mold on strawberry: 
B. caroliniana, A. ricini, and B. mali. 
Differentiation of B. pseudocinerea from B. cinerea occurred in 2011 (Walker et 
al. 2011).  In a 3-year study analyzing the distribution of this species in Germany, it made 
up 7% of a collection of 1088 isolates from grapes, and within individual fields, its 
frequency was as high as 15%.  It is morphologically indistinguishable from B. cinerea, 
but its natural resistance to the fungicide fenhexamid (FRAC 17) resulted in its final 
separation from B. cinerea as a species.  Ironically, no B. pseudocinerea isolates have 
been detected with resistance to fungicides other than fenhexamid (Plesken et al. 2015).  
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The species is most frequently detected infecting grape flowers rather than fruit, and is 
unique among Botrytis spp. because of its wide host range which is similar to B. 
cinerea’s (Walker et al. 2011).  Though B. pseudocinerea causes gray mold on both 
grape and strawberry crops in Europe, it has not yet been detected on strawberry in the 
United States, but only on blueberry (Saito et al. 2014).  Because of this, it is largely 
ignored in studies of gray mold of strawberry in the United States. 
B. caroliniana was first detected on blackberry in South Carolina in 2010 (Li et 
al. 2012a).  Due to its phylogenetic, morphological, and ecological characteristics unique 
from other species of Botrytis, particularly Botrytis cinerea and Botrytis galanthina, it 
was described as a separate species in 2012.  Though it was prevalent on blackberry, only 
a single isolate was found infecting strawberry in North Carolina (Li et al. 2012b).  No 
other reports of this species on strawberry have been published to this point.   
Amphobotrys ricini comes from a genus that was separated from Botrytis in 1973, 
when the two genera were distinguished based on differences in conidiophore branching 
(Hennebert et al. 1973).  A. ricini causes gray mold on a variety of species in the family 
Euphorbiaceae, particularly castor (Soares 2012).  In 2016, it was first detected causing 
gray mold on strawberry in Florida in areas that had previously been planted with castor 
(Amiri et al. 2016).  Severity of disease caused by this pathogen was less than that caused 
by B. cinerea.  It has not yet been reported outside Florida.   
As its species name suggests, B. mali was traditionally known as an apple 
pathogen.  Due to its high morphological similarity to B. cinerea, it was considered a 
doubtful species until O’Gorman et al. (2008) confirmed it was a unique species using 
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genetic analysis (O’Gorman et al. 2008).  In 2016, it was also found as a cryptic species 
on dandelion (Shaw et al. 2016).  The first detection of B. mali causing gray mold on 
strawberry occurred in 2015, then again in 2016 (Dowling and Schnabel 2017).  
Interestingly, the locations where gray mold on strawberry was caused by this species 
were widespread: Virginia, Maryland, South Carolina, Georgia, and California 
(Cosseboom et al. 2017; Dowling and Schnabel 2017).  However, the incidences in each 
case were low, with only one or two isolates found in each location.  Because the three 
species B. caroliniana, A. ricini, and B. mali are not commonly occurring species, they 
can be generally disregarded in studies of gray mold on strawberry in the United States. 
The fungal pathogen Botrytis cinerea 
Botrytis cinerea is one of the most important fungal plant pathogens (Dean et al. 
2012).  It is not only a model plant pathogen, but infects over 1400 different hosts from 
586 genera (Elad et al. 2004).  Its success as a pathogen can be traced to its wide host 
range, rapid adaptation to fungicides, infection of multiple host life stages, and numerous 
infection and overwintering methods (Williamson et al. 2007).  
In general, B. cinerea is well-known as a necrotrophic pathogen (Elad et al. 2004; 
van Kan 2006).  However, some recent studies have suggested it may function as an 
endophyte or a saprophyte in some situations (Kan et al. 2014; Elad et al. 2004).  The 
sexual stage of B. cinerea, formerly known as Botryotinia fuckeliana, is not a major form 
of inoculum, though it may be a minor source of primary inoculum.  In fact, no apothecia 
have ever been reported in strawberry fields, and there are only three reports of Botrytis 
cinerea apothecia in fields of any crop (Fillinger and Elad 2015). In the lab, Botrytis 
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apothecia were produced by using microconidia to fertilize sclerotia (Braun and Sutton 
1987).  The two mating types, MAT-1 and MAT-2 are heterothallic, though homothallic 
B. cinerea may exist in heterokaryons containing both mating types in separate nuclei 
(Fillinger and Elad 2015).  Since sexual spores are rarely, if ever, a source of inoculum 
causing gray mold disease, the main propagules of B. cinerea are conidia produced on 
branching conidiophores.  Hyphae are often multinucleate, containing 3 to 6 nuclei in a 
single cell, with some studies reporting up to 18 nuclei (Elad et al. 2004). 
High diversity of B. cinerea on strawberry has been documented in many 
countries with varying environmental conditions including Spain, Tunisia, Hungary, and 
the United Kingdom (Alfonso et al. 2000; Karchani-Balma et al. 2008; Rajaguru and 
Shaw 2010; Asadollahi et al. 2013).  This high diversity combined with the apparent lack 
of sexual reproduction in the field has often been attributed to parasexuality and 
heterokaryosis.  Neither of these has yet been documented, though nuclear transfer via 
anastomosis has been detected in vitro.  Other explanations for high diversity include 
sexual recombination, transposons, and mycoviruses (Fillinger and Elad 2015). 
Because of its extreme diversity, B. cinerea is regarded as a species complex and 
has been divided into several different grouping systems.  Initially, grouping was based 
on the presence or absence of the transposons Boty and Flipper (Giraud et al. 1997).  
Isolates with both transposons were classified as “transposa,” while isolates with neither 
transposon were classified as “vacuma” (Giraud et al. 1999).  However, this method was 
abandoned when groups not falling into either category were detected (Kretschmer and 
Hahn 2008).  A new grouping system was then created based on resistance to the 
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fungicide fenhexamid.  Groups I and II were resistant or sensitive, respectively, to the 
fungicide fenhexamid (Albertini et al. 2002).  Eventually, group I was described as B. 
pseudocinerea, and the old designations (transposa, vacuma, Group I and Group II) were 
discontinued.  After B. pseudocinerea was differentiated, another group was separated 
from the overall B. cinerea species complex based on fungicide resistance phenotypes 
(Leroch et al. 2013).  Isolates were distinct from typical B. cinerea in their phylogenetic 
sequences, IGS-RFLP profiles, and host specificity, and were designated as Group S 
(Leroch et al. 2013).   
Botrytis cinerea fungicide resistance.  One of the most important characteristics 
of B. cinerea is its ability to rapidly develop resistance to single-site fungicides.  This 
ability was first discovered in the 1970s when the more effective single-site modes of 
action began to replace multi-site fungicides such as copper, sulfur, captan, and thiram.  
Only a few years after benzimidazole fungicides were first released, reports of B. cinerea 
resistance occurred on cyclamen in the Netherlands (Bollen and Scholten 1971).  Soon 
afterward, the fungicide resistance action committee (FRAC) first convened after 
widespread fungicide resistance outbreaks in multiple pathogens and crop systems 
occurred.  FRAC grouped chemicals into classes according to their mode of action and 
promoted fungicide resistance management methods that would extend the longevity of 
new products (Thind 2012).  In Table 1.2, eight FRAC codes used against gray mold in 
strawberry fields are included: FRAC codes 1, 2, 7, 9, 11, 12, 17, and 19.  Resistance to 
FRAC codes 1, 7, 11, and 17 is caused by target-site alterations that prevent fungicide 
binding (Table 1.2).  The mechanism of resistance to FRAC codes 2 and 19 is unknown.  
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Drug efflux is the major resistance mechanism in B. cinerea to FRAC 9 and 12 
fungicides.    
Drug efflux pump overexpression in B. cinerea was first detected in 
anilinopyrimidine resistant isolates that were later found to exhibit resistance to other 
chemical classes as well, such as fludioxonil, fenhexamid and iprodione.  The multi-drug 
resistance (MDR) designations MDR1, MDR2, and MDR3 were then created for 
different resistance phenotypes.  MDR1 isolates contain mutations in the multi-drug 
resistance regulator gene, mrr1, which codes for a transcription factor that upregulates 
production of the ATP-binding cassette (ABC) transporter AtrB.  Isolates containing 
these mutations overexpress AtrB and are 5 to 10 fold more tolerant to fludioxonil, and 
10 to 20 fold more tolerant to cyprodinil than the wild type.  Later, strains able to survive 
on concentrations of fludioxonil five times higher than MDR1 isolates were detected, and 
were given the phenotype name, MDR1h (Leroch et al. 2013).  All MDR1h isolates 
detected to date are within Group S, though Group S also contains sensitive and MDR1 
isolates.  Group S MDR1h isolates have been detected in the United States on strawberry 
as well as in Europe (Fernández-Ortuño et al. 2014).   MDR2 isolates have resistance to 
cyprodinil, fenhexamid, and iprodione based on the rearrangement of the MfsM2 gene 
promoter region that results in overexpression of the MFS transporter (Angelini et al. 
2012; Mernke et al. 2011). Another phenotype has been detected with characteristics of 
both MDR1 and MDR2, and has been designated MDR3 (Kretschmer et al. 2009).  
MDR1 and MDR1h are the major phenotypes that have been detected in strawberry fields 
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of both Europe and the United States.  So far MDR2 and MDR3 isolates are not reported 
from American strawberry fields.  
Unfortunately, multi-drug resistance is not confined to fungicides that are pumped 
out by drug efflux.  Single isolates of B. cinerea may also develop resistance to multiple 
chemical classes at same time through a combination of MDR and/or point mutations.  
Multiple chemical class resistance (CCR) is problematic for fungicide resistance 
management, since fungicide rotations may actually select for multiple CCR isolates by a 
phenomenon known as selection by association (Hu et al. 2016). 
The fungal pathogen Botrytis fragariae. 
In 2017, a newly described species of Botrytis, B. fragariae, was detected in 
Germany (Rupp et al. 2017).  Unlike other minor species causing gray mold on 
strawberry, B. fragariae was found in both the United States and Europe.  Overall, it 
made up only 2.5% of the Botrytis collection population in Germany.  However, it was 
widely distributed and found in nine German strawberry fields, making up greater than 
25% of the population of four of these fields.    
B. fragariae was first identified because of its genetic differences from B. cinerea 
and its sensitivity to the fungicide Polyoxin D.  The mrr1 gene did not efficiently 
amplify, and B. pseudocinerea-specific primers produced fragments of different size than 
those obtained from B. cinerea or B. pseudocinerea.  After these differences were 
detected, sequences of the genes Hsp60, G3PDH, RPB2, NEP1, and NEP2 revealed that 
B. fragariae was in a different Botrytis clade than B. cinerea. 
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Morphological and ecological differences between B. fragariae and B. cinerea 
were also detected.  Unlike the ubiquitous B. cinerea, B. fragariae appears to be host-
specific to strawberries based on in vivo testing of different alternative hosts.  Even 
within strawberry, B. fragariae exhibited tissue specificity, with slower growth rate than 
B. cinerea on fruit and leaves, but the same rate on flower petals.  Competition studies 
revealed that on fruit, B. fragariae was consistently outcompeted by B. cinerea, while on 
leaves it was most often but not always outcompeted by B. cinerea.  Similar results were 
observed on media. Relative growth and sporulation of B. fragariae isolates was 
consistently less than in B. cinerea isolates.  Morphology of the species was similar.  
However, B. fragariae was reportedly more flat and compact on the rich media used to 
culture the isolates.   
Fungicide resistance characteristics were also different between B. fragariae and 
B. cinerea.  Unlike B. pseudocinerea, B. fragariae isolates exhibited fungicide resistance 
to several different chemistries.  73% of the B. fragariae isolates were resistant to at least 
one chemical class, and resistance to the active ingredients cyprodinil, fludioxonil, 
iprodione, azoxystrobin, and carbendazim was detected.  However, no resistance to either 
boscalid or fenhexamid were observed.  Fungicide resistance mutations are shown in 
table 1.2.  Multiple CCR was also observed, with individual isolates resistant to up to 
four chemical classes at the same time, or 4-chemical-class-resistant (4CCR).    
Fludioxonil resistance in B. fragariae was probably the most striking 
characteristic of this species.  B. fragariae isolates that were sensitive to the 
discriminatory dose of fludioxonil still grew on a concentration of the fungicide 10 times 
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higher than sensitive B. cinerea isolates could survive exposure to.  Interestingly, these 
isolates were sensitive to cyprodinil, indicating that MDR was not the mechanism for this 
higher fludioxonil tolerance.  However, some isolates were resistant to fludioxonil, 
cyprodinil, and tolnaftate and were designated MDR1. Though they did not exhibit the 
typical MDR1h mutation, their levels of resistance to both fludioxonil and cyprodinil 
were higher than those of typical MDR1 isolates.   
With the advent of this newly described species, and its unique fungicide 
resistance patterns, more information is necessary to determine its impact on strawberry 
growers and how knowledge of this species can be used to improve management 
practices. 
Objectives of this study 
  This review highlights the importance of the strawberry crop to the United 
States’ economy as well as the importance of gray mold to strawberry production.  Gray 
mold’s importance is even more dramatic because of difficulties in controlling it due to 
the fast development of fungicide resistance in the pathogen B. cinerea.  We also saw that 
several other pathogens may cause gray mold disease, including the newly described 
species B. fragariae.  B. fragariae was first detected in Germany, but we detected this 
species in the United States only a few months later.  This discovery was based on our 
research on the fungicide Polyoxin D and the different characteristics exhibited by 
isolates with reduced sensitivity to this chemical.  Therefore, our research objectives were 
(1) to characterize the differences between isolates with reduced sensitivity and 
sensitivity to the fungicide polyoxin D, (2) to determine if these sensitivity classes were 
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made up of the two species B. fragariae and B. cinerea, (3) to investigate the prevalence 
and fungicide resistance of B. fragariae in the Mid-Atlantic United States.     
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Table 1.1. Frequency and distribution of Botrytis spp. known to infect strawberry in the 
United States 
ᵃStates where each Botrytis spp. was detected on strawberry. 
ᵇBotrytis cinerea is likely present where strawberry production occurs in these states, but 
to our knowledge no publications report the fungus in these states. 
c Publications describing the first detection of B. cinerea, B. fragariae, B. mali, B. 
caroliniana, and A. ricini were by Stevens 1914, Rupp et al. 2017, Dowling and Schnabel 
2017a, X. Li et al. 2012, and Amiri et al. 2016, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Species Frequency Statesᵃ  Host plant tissue 
Year 
detectedc 
B. cinerea common 
All except Nebraska, New 
Mexico, North Dakota, South 
Dakota, Utah, and Vermontᵇ 
blossom, leaf, and 
fruit 1914
 
B. fragariae common 
Ohio, Maryland, Virginia, 
North Carolina, South 
Carolina, and Georgia 
blossom, leaf, and 
fruit 2015
 
B. mali rare South Carolina, Maryland, California Blossom, fruit 2015
 
B. caroliniana rare North Carolina fruit 2011 
A. ricini rare Florida blossom, leaf 2013 
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Table 1.2. Fungicide resistance information for the chemical classes of fungicides 
targeting gray mold that were discussed in this review. 
 
 
 
 
 
 
FRAC 
Code Groupa 
Active 
ingredientb 
Interrupted 
function 
Target 
gene Mutationsc 
Resistance 
mechanism 
Bce 
resistance 
 
Bfe 
resistance 
1 MBC Thiophanate-methyl cytoskeleton β-tubulin E198A 
target-site 
alteration common detected 
2 DC Iprodione osmoregulation Bos-1 
I365S, I365N, 
Q369P, E62K, 
G748V, 
V368F, 
G367Ad 
unknown common detected 
7 SDHI Boscalid 
succinate 
dehydrogenase 
enzyme 
SdhB 
H272R, 
H272Y, 
P225F, N230I target-site 
alteration common not detected 
SdhC A85V 
SdhD H132R 
9 AP Cyprodinil methionine synthesis 
unknown, 
mrr1 Unknown drug efflux common 
detected 
(Germany 
only) 
11 QoI Pyraclostrobin cellular respiration cytB G143A 
target-site 
alteration common detected 
12 PP Fludioxonil 
osmoregulation, 
map-kinase 
pathway 
mrr1 R632I, C588Y drug efflux uncommon detected 
17 SBI Fenhexamid ergosterol biosynthesis erg27 
F412S, F412C, 
F412I, T63I 
target-site 
alteration common 
detected 
(USA only) 
19 Polyoxin Polyoxin D chitin synthesis unknown unknown unknown detected detected 
 
ᵃGroup abbreviations stand for methyl-benzimidazole carbamates (MBCs), 
dicarboximides (DCs), succinate dehydrogenase inhibitors (SDHIs), 
anilinopyrimidines (APs), quinone outside inhibitors (QoIs), phenylpyrroles (PPs), 
and hydroxyanilides (SBIs), respectively. 
bMost common active ingredients used for gray mold control in the USA. 
cCommon resistance mutations found in B. cinerea and B. fragariae causing gray 
mold on strawberries.  Bolded mutations are found in both species, mutations without 
formatting have only been detected in B. cinerea, and italicized mutations have only 
been detected in B. fragariae. 
dThe mutations V368F and G367A are found in B. fragariae as a double mutation, 
but individually in B. cinerea. 
e The designations Bc and Bf refer to B. cinerea and B. fragariae, respectively. 
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CHAPTER TWO 
CHARACTERIZATION OF BOTRYTIS CINEREA ISOLATES FROM STRAWBERRY 
WITH REDUCED SENSITIVITY TO POLYOXIN D ZINC SALT 
 
This work has been published: 
Dowling, M. E., Hu, M. J., Schmitz, L. T., Wilson, J. R., and Schnabel, G. 2016. 
Characterization of Botrytis cinerea Isolates from Strawberry with Reduced Sensitivity to 
Polyoxin D Zinc Salt. Plant Disease. 100:2057–2061. 
[Dr. Mengjun Hu cultured initial samples, Linus Schmitz and Jennifer Wilson assisted 
with detached fruit assays for in vitro and in vivo fitness comparisons, and Madeline 
Dowling isolated samples, tested polyoxin D sensitivities in vitro and in vivo, and 
performed data analysis.] 
Abstract 
Polyoxin D is a FRAC 19 fungicide that was recently registered for gray mold control of 
strawberry in the United States. In this study, we determined the sensitivity to polyoxin D 
zinc salt (in short, polyoxin D) of B. cinerea isolates from 41 commercial strawberry 
farms in South Carolina, North Carolina, Maryland, Virginia, and Ohio and investigated 
fitness of sensitive (S) and reduced sensitive (RS) isolates. Relative mycelial growth 
ranged between 0 and over 100% on malt extract agar amended with a discriminatory 
dose of 5 µg/ml polyoxin D.  Isolates that grew more than 70% at that dose were 
designated RS and were found in three of the five states. The EC50 values of three S and 
three RS isolates ranged from 0.59 to 2.27 and 4.6 to 5.8 µg/ml, respectively. The three 
RS isolates grew faster on detached tomatoes treated with Ph-D WDG at recommended 
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label dosage than S isolates (p < 0.008).  Twenty-five randomly selected RS isolates 
exhibited reduced sporulation ability (p < 0.0001) and growth rate (p < 0.0001), but 
increased production of sclerotia (p < 0.0386) compared to 25 S isolates.  Out of 10 
isolates tested per phenotype, the number of RS isolates producing sporulating lesions on 
apples, tomatoes, and strawberries was significantly lower compared to S isolates (P < 
0.0001 for each fruit type). The results of this study indicate that resistance management 
is necessary for fungicides containing polyoxin D. To our knowledge this is the first 
study demonstrating reduced sensitivity to FRAC 19 fungicides in B. cinerea isolates 
from the United States. 
Introduction 
Botrytis cinerea, causal agent of gray mold on strawberries, was recently voted 
the second most scientifically and economically important fungal plant pathogen in a 
survey involving 495 fungal pathologists, and is arguably the most devastating disease 
affecting strawberry production in the world (Dean, et al. 2012).  It is a necrotrophic 
pathogen that overwinters on plant debris, weeds, or in soil as sclerotia or dormant 
mycelium which eventually produce conidiophores and conidia in response to a 
favorable, moist environment (Strømeng, et al. 2009; Williamson, et al. 2007).  Initial 
infection typically occurs on strawberry flowers and then spreads to the fruit (Mertely, et 
al. 2002).  The infection may remain quiescent, not appearing until fruit has matured, 
resulting in post-harvest losses.  Infection through wounds on mature or even immature 
fruit, leaves, or stems can also lead to severe pre-harvest and post-harvest losses (Elad, et 
al. 2004; Williamson, et al. 2007).   
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In commercial settings, management of gray mold is largely dependent on chemical 
control (Elad, et al. 2004).  Multi-site fungicides, such as captan and thiram, are 
commonly used in the southeastern United States in addition to single-site inhibitors that 
generally are more effective and less toxic (Adaskaveg, et al. 2011).  Multi-site 
fungicides have low resistance risk, but a high dose is required for adequate control, they 
lack systemic activity, and possess little post-infection activity (Elad, et al. 2004; 
Gauthier 2014).  Resistance in Botrytis cinerea to many single-site fungicides registered 
for gray mold control on strawberry has been documented, and isolates are emerging that 
are resistant to seven chemical classes (Fernández-Ortuño, et al. 2015). Therefore, 
discovering and utilizing new modes of action for controlling gray mold is critical.   
The first fungicide containing polyoxin D (FRAC code 19) was registered in 1997 for use 
on turf, and extension of the use of polyoxin D to several food crops including 
strawberries was made in November 2008.  Since 2012, there have been two formulations 
available for Botrytis control on strawberry, OSO 5%SC (Certis, Columbia, MD) and Ph-
D WDG (Arysta LifeScience North America, LLC, Cary, NC). Polyoxin D prevents 
chitin formation in the cell wall by competitively inhibiting the chitin synthetase enzyme 
(Endo, et al. 1970).  This inhibits mycelial growth and spore germination, often 
weakening the cell walls of hyphae or germ tubes until they rupture (Adaskaveg, et al. 
2011; Bartnicki-Garcia and Lippman 1972; Becker, et al. 1983).  This mode of action is 
non-toxic to mammals and plants, since they lack chitin (Environmental Protection 
Agency 2008).  On strawberry, field re-entry interval and pre-harvest intervals are low at 
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0 h and 4 h, respectively, making it an attractive product for U-pick operations (Brannen, 
et al. 2016).  
As part of a project to provide location-specific resistance management information to 
eastern US strawberry growers, we determined the sensitivity to polyoxin D zinc salt (in 
short polyoxin D) for B. cinerea isolates. None of the participating growers had begun 
using this chemistry in their fields in 2015. The goals for this study were to (1) determine 
mycelial growth inhibition of isolates from the east coast at a discriminatory dose of 5 
µg/ml, (2) examine the sensitivity of isolates of both sides of the sensitivity spectrum to 
the recommended label dosage of Ph-D WDG, and (3) determine fitness and 
pathogenicity of isolates with reduced sensitivity.  This study is the first to document 
reduced sensitivity to polyoxin D in B. cinerea isolates collected from strawberry fields 
in the United States.   
Materials and Methods 
Isolate collection and determination of sensitivity to polyoxin D. Between April and 
June 2015, strawberry blossoms and leaves were collected from 41 commercial farms in 
33 counties in South Carolina, North Carolina, Maryland, Virginia, and Ohio.  Fungicide 
use histories provided by growers indicated no prior applications of fungicides containing 
polyoxin D.  Each flower sample had a black torus indicative of frost damage. Petals and 
sepals were removed and flowers and leaves were surface disinfested, rinsed, and 
incubated as described previously (Fernández-Ortuño, et al. 2014).  Conidia forming on 
incubated tissue were transferred with a sterile toothpick into 90 mm diameter petri 
dishes containing approximately 15 ml of malt extract agar (Difco MEA; Fisher 
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Scientific, Hampton, NH).  Though single spore isolation was not performed, only a few 
conidia were removed on the tip of the toothpick, and sequencing of 30 isolates revealed 
no conflicting signals due to the potential presence of multiple genotypes.  A total of 459 
B. cinerea isolates were obtained from South Carolina (211), North Carolina (101), 
Maryland (123), Virginia (17), and Ohio (7) and subjected to sensitivity tests. A subset of 
randomly-picked S, MS, and RS isolates was used for fitness and pathogenicity testing.      
Relative growth of isolates was determined on MEA amended with 5 µg/ml 
polyoxin D (PH-D fungicide, Arysta).  The discriminatory dose of 5 µg/ml polyoxin D 
was about 3 times higher than published EC50 values for sensitive B. cinerea isolates 
from sweet basil (Mamiev, et al. 2013). Preliminary tests verified that mycelial growth of 
10 randomly picked isolates in our collection was completely inhibited at that dose (data 
not shown).  Calculating a dose to discriminate S from truly resistant isolates that are not 
controlled by label rates in the field was not possible because we have not observed such 
isolates yet.  Mycelial plugs from margins of actively growing colonies on MEA were 
used to inoculate three plates for each isolate. After 2 days, two measurements of each 
colony diameter were taken, and the mean relative growth of each isolate was calculated. 
Isolates that did not grow on treated plates were designated sensitive (S); isolates that 
grew 70% or less of the control were designated moderately sensitive (MS); and isolates 
that grew more than 70% of the control were designated reduced sensitive (RS).  We 
chose the 70% growth rate threshold to distinguish MS from RS isolates because there 
appeared to be a normal distribution of isolates that are not sensitive to Ph-D, and 70% 
was just past the peak of this curve.  EC50 values were determined for three S and three 
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RS isolates using a spore germination test (Kretschmer, et al. 2009).  Final conidia 
concentrations of 1.5 x 104 conidia/ml malt extract broth (MEB; Amresco, Solon, OH) 
and 100, 30, 10, 3, 1, 0.3, and 0.1µg polyoxin D/ml water were used.  Gen5 (Biotek 
Instruments, Winooski, VT) software was used to calculate EC50 values.   
Management of gray mold on detached fruit treated with polyoxin D. A detached 
fruit study was performed to determine whether the dose of polyoxin D recommended for 
field control of gray mold would control both S and RS isolates under controlled 
conditions.  Three S and three RS isolates, from different locations (Table 2.1), were 
treated with water (control), polyoxin D (PH-D WDG; Arysta), or fludioxonil (Switch 
62.5WG; Syngenta Crop Protection, Greensboro, NC).  Commercially grown cherry 
tomatoes were washed with an alconox detergent solution, rinsed with sterile water for 10 
sec, and air dried in a laminar flow hood.  After drying, fruit were stabbed once halfway 
between the top and bottom of the fruit to a depth of approximately 1 cm with a 1 mm 
diameter sterilized inoculation needle and placed on 3.5 cm diameter plastic rings with 
the injured side facing up in plastic boxes with sealable lid (23.5 x 23.5 x 9.0cm).  A 
moist paper towel was placed underneath the plastic rings in the bottom of each box to 
increase humidity.  Nine tomatoes were placed in a box, inoculated as described below 
with the same isolate, and each treatment was applied to three of these tomatoes.  Each 
box was replicated three times, and treatment and isolate locations were randomized. 
Prior to inoculation, spore suspensions (final concentration 105 spores/ml) were mixed 
with individual fungicides at final concentrations of 0.93 g/L PH-D WDG (467.8 L 
water/ha) and 1.9 g/L Switch 62.5WG (Li, et al. 2014). A 20 µL droplet of the 
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conidia+fungicide was pipetted onto each stab injury.  Boxes were sealed and kept at 
19℃ and 98 to 100% RH for the first 24 h. Then the lid was opened, but not removed, 
and the microclimate adjusted to lab conditions (19℃ and 60% RH).  After 5 days, 
growth was assessed and mean relative growth calculated.  The experiment was repeated 
once. 
In vitro fitness comparison. Fitness parameters of 25 randomly selected S and 25 
randomly selected RS isolates were investigated on potato dextrose agar (PDA) and 
minimal media (MM).  Mycelial plugs (3.5 mm in diameter) were transferred from the 
margin of actively growing cultures to fresh PDA and MM plates with 3 replications for 
each isolate and each medium.   Colony diameters were measured after 24 h of incubation 
under fluorescent light at 22℃.  The cultures were incubated for 12 more days under the 
same conditions.  Colonies were examined for conidia production and MM plates were 
also assessed for production of sclerotia. All conidia were scraped off and rinsed from 
culture plates with a sterile inoculating loop and 10 ml of distilled sterile water, 
respectively.  Spore suspensions were vortexed then diluted and the number of spores per 
plate was determined using a hemocytometer. 
In vivo pathogenicity and fitness comparison. Fitness parameters between S and RS 
isolates were determined on detached apple, strawberry, and tomato fruits. Fruits were 
purchased from the grocery store, washed with alconox detergent for 10 sec, dipped in 
10% bleach solution for 1 m, rinsed with water, and placed in a laminar flow hood to dry 
for 2 to 4 h. Inoculations were performed with 10 randomly selected S and 10 randomly 
selected RS isolates by removing a 3.5 mm diameter plug from each fruit with a cork 
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borer and replacing it with a mycelial plug of the same size. Three apple quarters, 3 
strawberry fruit, and 9 tomatoes were inoculated with each isolate.  Measurements from 3 
tomatoes were averaged and considered a single unit because of the greater variability in 
measuring lesions on such a small and curved surface.  Each fruit unit was inoculated 
with a single plug placed at the widest part of each fruit.  Isolates were randomly 
distributed into sealable plastic boxes until each box contained 5 strawberry fruits, 5 
apple quarters, or 15 tomatoes.  Boxes containing apples and strawberries were the same 
as those described above for the in vivo detached fruit assay and fruit were placed on 
rings and moist paper towels as described above.  Boxes used for the tomatoes were 
larger (34.0 x 23.5 x 7.5cm) to allow for more replicates per box. There were three 
replicates of each box, and box position and isolate location within each box was 
randomized.  The RH was maintained at 98 to 100% for the first 24 h; then the lid was 
opened but not removed.  Growth rates were measured after 48 h by determining the 
lesion diameter on each fruit. After 6 d of inoculation, fruit were examined for conidia 
production.  The entire experiment was replicated once.     
Data Analysis. A statistical model was developed to determine the experimental factor in 
various response tests (growth rate, sporulation, number of spores, number of sclerotia, 
production of sclerotia, etc.). For replications exhibiting experimental effects, an analysis 
of variance was performed to determine if the experiments could be combined.  To detect 
significant differences in continuous data (growth rate, spore concentration, and number 
of sclerotia), a student-t test was performed.  To detect significant differences in binary 
data (presence/absence of spores or presence/absence of sclerotia), Fischer’s Exact Test 
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and Chi Square tests were used.  All statistical testing was performed using the software 
JMP 11.0 (SAS Institute, Inc.) and with a significance level of α = 0.05. 
 
Results 
Sensitivity to polyoxin D in vitro. Out of the 459 isolates tested for sensitivity to 
polyoxin D, 351 (76.5%) were S and unable to grow, 29 (6.3%) were RS and grew at a 
rate of >70%, while 79 (17.2%) were MS and grew at a rate of 70% or less on media 
amended with 5 µg/ml polyoxin D (Fig. 2.1).  Interestingly, most RS isolates were found 
in South Carolina, but some were found in North Carolina and Maryland. MS isolates 
were found in all five states (Fig. 2.2).  The EC50 values of three randomly chosen S 
isolates (10-1-15, 13-8-15, and 28-9-15) ranged from 0.59 to 2.72 µg/ml, while the EC50 
values for three randomly selected RS isolates (34-4-15, Z32L, and Z20M) ranged from 
4.6 to 5.8 µg/ml (Table 2.1).   
Relative growth of S and RS isolates on tomatoes following inoculation with and 
without polyoxin D. Growth rates of S isolates 10-1-15, 13-8-15, and 28-9-15 and RS 
isolates 34-4-15, Z32L, and Z20M (table 2.1) were compared on detached tomatoes while 
exposed to a field dose of polyoxin D.  No significant difference was observed between 
the two independent experiments (p > 0.057) and therefore the data were combined. 
Relative growth of RS isolates was significantly faster on tomatoes in the presence of 
polyoxin D compared to S isolates (p < 0.008) (Fig. 2.3). The untreated controls typically 
grew fluffy white masses of mycelium and developed conidia, though sporulation was 
rare for RS isolates.  Both RS and S isolates produced very thin, spidery mycelium on 
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fruit when inoculated in the presence of polyoxin D.  None of the isolates grew on tomato 
fruit when exposed to Switch 62.5WG fungicides during inoculation.  
In vitro fitness comparison. Growth rate, number of sporulating isolates, spore 
concentration, number of isolates producing sclerotia, and number of sclerotia was 
determined for 25 S isolates and 25 RS isolates on MM and PDA.  More RS isolates 
produced sclerotia compared to S isolates (p < 0.0386), but no differences were found in 
number of sclerotia per plate. RS isolates grew significantly slower on PDA (p < 0.0001) 
and MM (p < 0.0001), and were less likely to sporulate on PDA (p < 0.0001) and MM (p 
< 0.0001) compared to S isolates. There were no significant differences between RS and 
S isolates for spore concentration (p > 0.35 on PDA), (p > 0.86 on MM) and number of 
sclerotia produced (p > 0.072 on MM).  On both types of media, most RS isolates 
produced sparse to fluffy white mycelium, while S isolates generally produced typical 
greyish white mycelium and conidia.  Sclerotia produced by RS isolates on MM often 
formed concentric rings, while sclerotia of S isolates were scattered and rarely formed a 
pattern.  
Evaluation of fitness parameters on apple, tomato and strawberry fruits. Fitness 
parameters of 10 S isolates and 10 RS isolates were investigated on apples, tomatoes, and 
strawberries.  Experimental effects were observed between the two independent growth 
rate experiments for strawberries (p < 0.0001) and tomatoes (p < 0.0001), therefore data 
were not combined.  All isolates were able to produce lesions on the three fruits.  Growth 
rates differed significantly between S and RS isolates on tomatoes in both experiments 
and on apples and strawberries in the second experiments (p < 0.0001 on apples), (p < 
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0.0001 on strawberries).  The number of sporulating lesions was consistent for all fruit 
types, with S isolates sporulating significantly more than RS isolates for apples (p < 
0.0001), tomatoes (p < 0.0001), and strawberries (p < 0.0001). 
Discussion 
In this study, we investigated sensitivity to polyoxin D in 459 B. cinerea isolates from 5 
states in the eastern United States and found a wide range of sensitivity. Though most of 
the isolates collected were sensitive, 17.2% were MS and 6.3% were RS to polyoxin D, 
despite the absence of pressure from FRAC 19 fungicides.  The RS isolates were able to 
outgrow S isolates on tomato fruit treated with a dose of Ph-D WDG recommended for 
field applications.  Sensitive isolates were completely inhibited when subjected to 
Switch, but they were only slowed down when exposed to Ph-D WDG. This was 
expected since Switch is a standard for Botrytis control and polyoxin D was not expected 
to perform as well, though it still provides a certain level of protection in the field 
(Schnabel G., personal communication).  Also, tomatoes were stabbed prior to 
inoculation, providing extremely favorable conditions for infection.  The effect, although 
statistically significant, was small and it is therefore possible that field applications of Ph-
D WDG at the recommended label rate control S and RS isolates equally well. However, 
the reduced sensitivity was associated with a fitness cost, since RS isolates typically had 
slower growth rates, and were less likely to sporulate than sensitive isolates.  But RS 
isolates were able to produce more sclerotia than S isolates in our experimental setup. If 
this ability is confirmed in the field, such isolates may have a survival advantage over S 
isolates in the absence of polyoxin D fungicide selection pressure.   
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Reduced sensitivity to FRAC 19 fungicides, in the absence of prior polyoxin selection 
pressure was previously found in B. cinerea isolates from sweet basil grown in 
greenhouses in Israel.  In that study, similar parameters were evaluated, including relative 
growth analysis on a discriminatory dose of fungicide, growth rate on unamended media, 
and EC50 analysis.   The main differences between their methods and ours were that they 
used a modified version of Czapek-Dox media, a discriminatory dose of 1µg/ml for 
relative growth analysis, and polyoxin A-L fungicide instead of polyoxin D.  Polyoxin A-
L is a mixture of polyoxins that includes polyoxin D.  However, results between that 
study and our study were fairly consistent with 20-35% of the isolates collected prior to 
polyoxin A-L application showing low-level resistance to polyoxin D.  These consistently 
high numbers of isolates with reduced sensitivity prior to fungicide application were 
surprising since the number of RS isolates present in a field prior to fungicide application 
are usually relatively low compared to the number of S isolates.  EC50 values of low-level 
resistant isolates collected by Mamiev et al. ranged between 4 and 6.5 µg/ml, consistent 
with the range of 4.6-5.8 µg/ml obtained for our RS isolates.  But in contrast to our study, 
the authors found no fitness penalties in the low-level resistant isolates, though they only 
examined growth rate in vitro and not sporulation or production of sclerotia (Mamiev, et 
al. 2013).   
There may be several explanations for the observed pre-existence of reduced sensitivity 
to polyoxin D in B. cinerea isolates.  B. cinerea populations have been shown to have 
inherently broad genetic diversity. In a study of B. cinerea isolates from South Carolina, 
genetic differences were detected between all 56 isolates collected, though multiple 
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isolates were collected from each sampled greenhouse (Yourman, et al. 2001). Single 
plants and even lesions were found to contain five or more different haplotypes in a 
European study (Giraud, et al. 1997). The cause of this high diversity is not known, but 
has been attributed to multiple phenomena including sexual recombination, transposon 
movement, and heterokaryosis.  Because of B. cinerea’s high diversity, certain 
specialized isolates may be inherently resistant to a fungicide before it is applied.  One 
European study discovered two genetically distinct groups within B. cinerea: one with 
inherent tolerance to fenhexamid and the other sensitive to fenhexamid (Fournier, et al. 
2005; Kretschmer and Hahn 2008).  Therefore, the broad diversity of B. cinerea may 
result in the co-existence of isolates with sensitivity and inherent reduced sensitivity to 
polyoxin D.  
Another possible explanation for the presence of reduced sensitivity is that exposure to 
other chemical classes of fungicides predisposed them to reduced sensitivity to polyoxin 
D.  In Venturia inequalis isolates, cross-resistance between MBC fungicides and DMI 
fungicides was detected.  The authors proposed that this cross-resistance could be due to 
fungicide selection for greater genome plasticity potentially by affecting DNA repair 
systems.  This predisposition to resistance across chemical classes could result in reduced 
sensitivity to fungicides before their widespread use (Köller and Wilcox 2001).   
The reduced sensitivity we observed also may be related to multi-drug resistance (MDR) 
which stems from upregulation of drug efflux pumps in the cell membrane.  Based on 
conventional definitions of resistance, RS isolates appear to have quantitative resistance 
since there are varying levels of sensitivity to polyoxin D (Delp 1988).  Though multiple 
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mutations conferring increasing levels of resistance are one possible cause of this reduced 
sensitivity, another possibility is that overexpression of genes such as those involved in 
drug efflux may cause the RS phenotype. Though the resistance mechanism to polyoxin 
D is currently unknown, upregulation of ABC transporters after exposure to polyoxins 
has been documented as well as increased sensitivity to polyoxins when the ABC 
transporter gene BMR1 was knocked out (Makizumi, et al. 2002; Nakajima, et al. 2001).  
Some work indicates that MDR isolates do not typically have fitness costs associated 
with them as our isolates did (Kretschmer, et al. 2009).  However, other recent work 
(Chen, et al., in press) indicates that though production of sclerotia, sclerotia viability, 
sporulation, growth rate, and oxidative sensitivity were no different between S and 
MDR1h isolates, osmotic sensitivity is greater and growth rate in colder temperatures is 
slower in MDR1h isolates.     
Polyoxin D has a unique mode of action that has not yet been used on strawberry, which 
makes it an attractive candidate for tank mixing and rotation with other single-site 
inhibitor fungicides. However, the results of this study demonstrate that isolates with 
reduced sensitivity to polyoxin D are already present in many locations of the eastern 
United States. It is unknown whether RS isolates can be controlled effectively by field 
rates of formulated products containing polyoxin D. Low-level resistant isolates from 
sweet basil in Israel never developed into highly resistant isolates over a 10-year period, 
though low-level resistance increased in frequency from 20% to 73% in response to 
polyoxin A-L application (Mamiev, et al. 2013). As outlined in this study, FRAC 19 
fungicides such as polyoxin D are vulnerable to resistance development and therefore 
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should be integrated into resistance management programs to delay further selection of 
RS isolates.  
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Table 2.1. EC50 values of isolates used to determine sensitivity on tomatoes to 
recommended field dosage of Ph-D WDG fungicide 
Isolate Phenotype EC50 value Origin
34-4-15 RS 5.8 Mullins, SC
Z20M RS 5.2 York, SC
Z32L RS 4.6 York, SC
13-8-15 S 0.59 Pelion, SC
28-9-15 S 1.87 Huntingtown, MD
10-1-15 S 2.72 Monetta, SC  
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Table 2.2. In vitro fitness components for Botrytis cinerea isolates sensitive (S) and with 
reduced sensitivity (RS) to polyoxin D evaluated on potato dextrose agar (PDA) and 
minimum medium (MM)  
Isolates (%) 
producing 
sclerotia   
Number of 
sclerotiaʸ
Sensitivity PDA MM PDA MM PDA MM MM MM
S 2.16 az 2.10 a 88 a 96 a 6.64 a 6.34 a 25 a 16.78 a
RS 1.99 b 1.80 b 16 b 8 b 6.5 a 6.30 a 48 b 17.4 a
Sporulating isolates (%) Spores/plate
ˣonly sporulating isolates were included in the analysis.
ʸonly isolates producing sclerotia were included in the analysis.
znumbers followed by the same letter within columns were not significantly different at α=0.05.  
Growth rate
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spores/plate[log]x 
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Table 2.3.  Fitness of Botrytis cinerea isolates sensitive (S) and with reduced sensitivity 
(RS) to polyoxin D on apple, tomato and strawberry fruits   
  Growth rate (cm/day) Sporulating lesions (%)   Experiment Phenotype Apples Tomatoes  Strawberries  Apples  Tomatoes  Strawberries  
1 S 0.61 az 0.66 a 0.53 a 33.3 a 88.89 a 100.00 a 
 RS 0.61 a 0.55 b 0.47 a 6.67 b 4.00 b 59.00 b 
2 S 0.68 a 0.76 a 0.65 a 46.67 a 91.11 a 100.00 a 
 RS 0.59 b 0.67 b 0.51 b 10.00 b 32.22 b 56.00 b         
zValues followed by the same letter within columns of each experiment indicate no 
statistical difference (α = 0.05).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 43 
 
Figure 2.1. Relative growth of 459 Botrytis cinerea isolates from 5 states on PDA 
amended with 5 µg/ml polyoxin D.   
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Figure 2.2. Distribution of Botrytis cinerea isolates sensitive (S), moderately sensitive 
(MS), and reduced sensitive (RS) to polyoxin D in South Carolina (SC), North Carolina 
(NC), Maryland (MD), Virginia (VA), and Ohio (OH).   
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Figure 2.3. Average relative growth of sensitive (S) and reduced sensitive (RS) isolates 
on detached tomato fruit at a field dosage of Ph-D WDG fungicide.   
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CHAPTER THREE 
IDENTIFICATION AND CHARACTERIZATION OF BOTRYTIS FRAGARIAE 
ISOLATES ON STRAWBERRY IN THE UNITED STATES 
 
This work has been published: 
Dowling, M. E., Hu, M.J., and Schnabel, G. 2017. Identification and characterization of 
Botrytis fragariae isolates on strawberry in the United States. Plant Disease. 101:1769–
1773. 
[Samples and fungicide resistance profiles were provided by Dr. Mengjun Hu.  All other 
analyses were performed by Madeline Dowling.] 
Abstract 
 
A total of 78 Botrytis isolates of unknown species that were sensitive (28 isolates; S), 
moderately sensitive (22 isolates; MS) or reduced sensitive (28 isolates; RS) to Polyoxin-
D were collected from commercial strawberry fields of five states in the USA, identified 
to the species level, and characterized. The majority (75%) of S isolates were Botrytis 
cinerea, and the majority (79%) of RS isolates were the recently described species 
Botrytis fragariae, indicating an innate ability of B. fragariae to tolerate Polyoxin-D.  B. 
fragariae produced fluffy, white mycelium and was less likely to sporulate on potato 
dextrose agar than B. cinerea.  Isolates from a commercial field recovered from blossoms 
in early spring were all B. fragariae, from leaves of the same plants in late spring were a 
mixture of B. fragariae and B. cinerea, and from fruit in early summer were all B. 
cinerea, indicating that B. fragariae may preferentially colonize blossom tissue. A PCR-
based assay was developed based on NEP2 sequence variability to distinguish B. 
 50 
fragariae from other Botrytis species that have been reported on strawberry, including B. 
cinerea, B. mali, B. caroliniana, and B. ricini. None of the isolates collected from 
Canada, California, or North Carolina nurseries were B. fragariae, indicating that the 
newly described species may not exist or not be widely distributed in planting stock.  
Introduction 
 
The genus Botrytis consists of over 30 plant pathogenic species with a wide 
variety of life history traits (Fillinger and Elad 2015).  Differentiation of these species 
was originally hindered because the internal transcribed spacer (ITS) regions commonly 
used for fungal phylogenies lacked the necessary interspecific variation to distinguish 
Botrytis spp.  More species were delimited after 2005, when the G3PDH, RPB2, and 
HSP60 regions were first used to genetically characterize Botrytis species, and, in 2007, 
the NEP1 and NEP2 genes were added (Staats, et al. 2005; Staats et al. 2007).  Botrytis is 
now known to be made up of two clades, with clade one containing pathogens that infect 
mostly eudicots, while clade two pathogens infect mostly monocots.  Though Botrytis has 
vast interspecific genetic diversity, many species are difficult to distinguish 
morphologically (Fillinger and Elad 2015; Walker et al. 2011; Fournier et al. 2005).  
Because host ranges of species may overlap, it is sometimes necessary to genetically 
distinguish isolates for accurate data assessment (Chilvers 2007), especially when species 
have different traits such as fungicide resistance, reproduction mechanism, and lifecycle 
(Fournier et al. 2005).   
One common disease caused by several Botrytis species is gray mold of 
strawberry (Plesken et al. 2015; Li et al. 2012).  Botrytis cinerea was long considered the 
 51 
sole causal agent of this disease, but several species may be involved (Li et al. 2012; 
Plesken et al. 2015; Amiri et al. 2016).  Most of these species have not been detected in 
the southeastern United States or, like B. caroliniana, B. mali, and B. ricini, do not appear 
to be widespread (Li et al. 2012; Dowling and Schnabel 2017; Amiri et al. 2016).  The 
newly described species, B. fragariae, appears to be more widespread on strawberry 
plants, and has already been detected in Germany and South Carolina (Rupp et al. 2017).  
In Germany, where most of the research involving this pathogen has thus far occurred, 38 
isolates were found in 9 fields and 4 different states.  Unlike B. cinerea, B. fragariae 
appears to be host-specific for strawberry and there is even evidence of tissue preference 
(Rupp et al. 2017).  
As part of a regional resistance monitoring program, we recently detected Botrytis 
isolates with reduced sensitivity (RS) to the fungicide Polyoxin-D. These isolates were 
collected from fields that had never been treated with this fungicide or fungicides of 
similar mode of action. The isolates exhibited slower growth rates and visibly less spore 
production compared to Botrytis cinerea (Dowling et al. 2016).  The goal of the present 
study is to further characterize these isolates.  Specific objectives were to (i) identify the 
isolates to the species level, (ii) develop a PCR-based method to distinguish the new 
species from others affecting strawberry, (iii) determine potential innate differences in 
sensitivity to Polyoxin-D between B. cinerea and B. fragariae, (iv) investigate potential 
sources of B. fragariae inoculum, and (v) gather further evidence for potential host tissue 
preferences.  
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Materials and Methods 
 
Botrytis sample origin and isolation. Botrytis isolates of unknown species were 
previously collected from blighted strawberry blossoms and fruit of farms from the states 
Ohio, Maryland, Virginia, North Carolina, and South Carolina to determine sensitivity to 
the fungicide Polyoxin-D zinc salt (referred to as Polyoxin-D; (Dowling et al. 2016).  We 
revived 78 of these isolates from storage (filter paper) for this study (Table 3.1).  These 
isolates were not collected randomly, but selected to form a subset of locations and states 
with an even representation of three sensitivity phenotypes to Polyoxin-D: sensitive (S; 
28 isolates), moderately sensitive (MS; 22 isolates) and reduced sensitive (RS; 28 
isolates). These categories were established based on the isolates’ relative growth on 
Amresco malt extract agar (MEA) amended with 5 µg/mL Polyoxin-D; S isolates did not 
grow, MS isolates grew less than or equal to 70% of the control, and RS isolates grew 
more than 70% of the control.  The isolates were from 20 different farms in 18 counties 
of 5 states: Ohio (5 isolates), Maryland (7 isolates), Virginia (1 isolate), North Carolina 
(13 isolates), and South Carolina (52 isolates) (Table 3.1).  
Isolates from the main nursery stock providers for Eastern growers were obtained 
from Dr. N. Peres, University of Florida, to investigate the source of B. fragariae in the 
strawberry fields we profiled (Table 3.1). A total of 91 isolates came from nursery 
strawberry leaf debris at nurseries in North Carolina (28) and California (35) in the 
United States, and Ontario (2) and Nova Scotia (26) in Canada (Table 3.1). 
In 2016, symptomatic strawberry tissues were collected during early bloom and at 
last harvest from a commercial field in Mullins, SC set up in a randomized complete 
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block design with four replicate blocks per treatment to determine a possible correlation 
between host tissue type and infecting species (Table 3.1). One treatment consisted of six 
applications of Polyoxin-D in form of Ph-D WDG fungicide (Arysta LifeScience North 
America, LLC, Cary, NC) according to strawberry advisory system (SAS) 
recommendations based on weather conditions during the growing season (Montone et al. 
2016).  No fungicides were applied to the other treatment. From Polyoxin-D-treatment 
blocks, we obtained three leaf isolates and five fruit isolates.  From the untreated blocks, 
we obtained five leaf and five fruit isolates.  Twenty-eight blossom isolates were 
collected prior to fungicide applications, while isolates from leaves and fruit were 
collected thereafter.  Single spore isolates were obtained as described previously 
(Dowling et al. 2016).   
Isolate identification by sequencing. The Glyceraldehyde 3-Phosphate 
Dehydrogenase (G3PDH) gene region was amplified for isolates having unique culture 
morphology on potato dextrose agar (PDA) using polymerase chain reaction (PCR) with 
the primers G3PDH_fw and G3PDH_rev as described previously (Plesken et al. 2015; 
Staats et al. 2005).  Products were then sequenced (Arizona State University Core 
Laboratories) to determine their identity to the species level.  The resulting sequences 
were aligned with a G3PDH sequence of B. fragariae from Germany (Accession number: 
KX429703) and a BLAST search was also performed for all sequences to ensure accurate 
species identification.  
Species-specific primer development. G3PDH, HSP60, RPB2, NEP1, and 
NEP2 gene fragment sequences of the three Botrytis species obtained for a previous 
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study (Rupp et al. 2017) were scanned for polymorphism between species that would 
allow for differentiation using a PCR assay.  The NEP2 gene was chosen because it 
contained multiple regions where nucleotide sequence varied between all three species 
(Fig. 3.1).   Using the Multiple Primer Analyzer website by ThermoFisher Scientific, we 
compared potential primer sequence combinations to ensure there was no dimer 
formation between potential primers and that melting temperatures were similar enough 
to be combined in a single PCR reaction.  A forward primer common between species, 
and three species-specific reverse primers were designed to distinguish B. cinerea, B. 
fragariae, and B. mali (Table 3.2).  The primers were initially tested on 15 isolates 
representing all 3 species from 4 states and 13 farms and results were confirmed by 
sequencing of G3PDH region. Primers were also tested on common contaminants 
obtained from strawberry fruit and flowers, including Fusarium, Rhizopus, 
Cladosporium, and Penicillium spp. to determine if nonspecific amplification of these 
contaminants was possible.  Each PCR reaction consisted of a small amount of fungal 
hyphae, hot start taq PCR mix (Bioneer, Alameda, CA), 1 µL of each primer (20 µM 
concentration), and 16 µL of DNase-free sterile water for a total reaction volume of 20 
µL.  The amplification program began with an initial denaturation step of 95°C for 3 
minutes, followed by 34 cycles of denaturation at 95°C for 30 seconds, annealing at 55°C 
for 30 seconds, and extension at 72°C for 1 minute.  This was followed by a final 
extension step of 72°C for 5 minutes.  Gel electrophoresis of PCR products was 
performed on 1.5% agarose gels run at 110V for 20-30 minutes.    
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Primers were also tested on Botrytis aerial mycelium growing from inoculated, 
detached strawberries.  Commercially grown strawberries were washed with soap and 
water then surface sterilized in a 10 % bleach solution for 1 minute.  After drying, they 
were inoculated by removing a plug from the side of each strawberry using a sterile cork-
borer approximately 5 mm in diameter.  The same cork-borer was used to transfer agar 
plugs with actively growing mycelium of isolates 28-2-15, 8-3-16, and 65-4-15 of B. 
cinerea, 5-5-16, 15-1-16, and 43-1-15 of B. fragariae, and 55-6-16, 28-6-15, and 49-10-
16 of B. mali into the fruit opening.  Inoculated strawberries were placed in sealable 
plastic boxes with moistened paper towels as described previously (Dowling et al. 2016).  
After two to three days or when Botrytis mycelium was visible, an amount of hyphae just 
covering the tip of a toothpick was removed and placed directly into the PCR reaction as 
described above. The newly developed primers were then used to screen all isolates not 
sequenced at the G3PDH region, as well as all isolates from nurseries and from Mullins, 
SC.  Mycelium from B. caroliniana and DNA from B. ricini isolates was also used as a 
template for the species-specific primers to determine if any amplicons would be 
produced.    
Statistical analysis.  A t-test was performed using the software JMP 11.0 (SAS 
Institute, INC., Cary, NC) with a significance level of α=0.05 to determine if different 
species truly have differing sensitivities to Polyoxin-D.  Because only three B. mali 
isolates were identified and they all belonged to the RS category, these were not included 
in the analysis.  
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Results 
 
Cultural characteristics and molecular identification of isolates. Sequencing 
of the G3PDH gene was performed to identify isolates to the species level that had 
colony morphologies on PDA different from B. cinerea. These distinguishing 
morphological characteristics included colony color and shape as well as the isolates’ 
ability to sporulate and produce sclerotia. BLAST search revealed that these 
morphologically unique isolates represented the three species B. cinerea, B. fragariae, 
and B. mali.  On PDA, B. cinerea produced characteristic prolific greyish-brown spores, 
while B. fragariae colonies were typically white, and sporulation was less obvious (Fig. 
3.2).  When B. fragariae sclerotia were present on minimal media, they typically formed 
concentric circles, while B. cinerea sclerotia placement was random.  In rare cases, some 
B. fragariae isolates did produce greyish spores and conidiophores similar to B. cinerea.  
The three B. mali isolates obtained were not consistent in morphology, but also did not 
appear to sporulate as readily as B. cinerea isolates.   
G3PDH, RPB2, HSP60, NEP1, and NEP2 nucleotide sequence analysis of Botrytis 
isolates revealed high interspecific but low intraspecific variation between and among B. 
cinerea, B. fragariae, and B. mali species.  Pairwise comparison of sequences revealed 
that within each species, there were no more than 2 nucleotide differences out of 
approximately 900 bp.  Between species, however, there were more substantial 
differences (Table 3.3).   
Development of species-specific primers. Primers were developed to 
differentiate the three species using NEP2 gene nucleotide sequence variability (Fig. 3.1).  
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The primers yielded the expected fragment sizes of 592 bp for B. cinerea, 332 bp for B. 
fragariae, and 186 bp for B. mali (Fig. 3.3). The same results were obtained when 
Botrytis aerial mycelium removed directly from detached fruit was used as template. 
However, no bands were obtained for common media and fruit contaminants Fusarium, 
Cladosporium, Rhizopus, and Penicillium species (data not shown).  DNA from B. 
caroliniana (Fig. 3.3) and B. ricini used as templates produced no amplicons, though 
positive controls using B. caroliniana specific primers and ITS of B. ricini resulted in 
amplification of the expected band sizes. 
Overall species identification results for isolate collections.  Of the 78 isolates 
selected for this study based on the three Polyoxin-D sensitivity phenotypes, we 
identified 36 B. cinerea, 39 B. fragariae, and 3 B. mali isolates using species-specific 
PCR and G3PDH sequencing. Most (70) isolates were collected from blossoms of 19 
different farms, and the majority of these (58.2%) were B. fragariae. The remaining eight 
isolates were from fruit collected from the same location and were all B. cinerea.   
With regard to Polyoxin-D sensitivity, the vast majority of S isolates (27; 96.4%) were B. 
cinerea and most RS isolates (22; 78.6%) were B. fragariae (Fig. 3.4), and a statistically 
significant relationship between species and Polyoxin-D sensitivity was detected (P < 
0.0001). Most MS isolates (16; 72.7%) were B. fragariae. All but one of the B. cinerea 
MS isolates had relative growth values below 20% on Polyoxin-D amended medium, 
while all MS B. fragariae isolates had relative growth values above 20%.  All 91 isolates 
obtained from various nurseries most likely to provide transplants to the locations we 
sampled were B. cinerea based on species-specific PCR results.   
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We collected 46 Botrytis isolates from a single location in Mullins, SC, to 
determine host tissue preference of species.  All 28 blossom isolates were B. fragariae as 
well as 6 out of the 8 isolates collected from leaves (Fig. 3.5). All 10 isolates collected 
from fruit later in the season were identified as B. cinerea (Fig. 3.5), indicating that the 
two species had host tissue preference.  A possible limitation of this analysis was that 
some leaf and fruit samples were treated with Polyoxin-D which could potentially select 
for B. fragariae since this species is prone to RS to Polyoxin-D.  However, none of the 10 
fruit samples from control or Polyoxin-D treated plots were B. fragariae, and several leaf 
samples from the untreated control block were B. fragariae, indicating that Polyoxin-D 
induced selection for B. fragariae did not skew our host tissue preference results.   
 
Discussion 
In a previous study, B. fragariae was for the first time reported to exist in the 
United States (Rupp et al. 2017). The isolates from the United States in that study were 
from three commercial farms in South Carolina. The results of the present study show 
that B. fragariae occurs in at least two more states (North Carolina and Ohio), indicating 
that this species may be widely distributed in the United States. Botrytis fragariae was 
also detected in Germany at low frequencies in four different states (Rupp et al. 2017). 
Our sample size and collection bias to represent equal numbers of Polyoxin-D sensitivity 
phenotypes, however, does not allow for an evaluation of frequency of B. fragariae in 
USA strawberry fields.  B. caroliniana, a species isolated recently from a single 
strawberry fruit, and B. ricini, recently detected in Florida, were not detected in our 
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sample populations (Li et al. 2012; Amiri et al. 2016).  Species-specific primers were 
designed that effectively distinguished isolates of B. cinerea, B. mali, and B. fragariae.  
Approximately 10% of the isolates did not produce any amplicon when these primers 
were used.  It is possible that these isolates did not contain the introns that the species-
specific primers are based on.     
B. fragariae isolates were more likely (P < 0.0001) to be RS to Polyoxin-D 
compared to B. cinerea.  The few B. fragariae and B. cinerea isolates not following this 
observation are likely outliers of a normal baseline sensitivity distribution.  Innate RS to 
Polyoxin-D may be caused by constitutive expression of drug efflux pumps, resulting in a 
higher baseline sensitivity to Polyoxin-D in B. fragariae compared to B. cinerea.  This 
hypothesis is supported by evidence that B. fragariae isolates from German strawberry 
fields have higher basal expression levels of atrB than equivalent B. cinerea isolates 
(Rupp et al. 2017).  However, whether or not Polyoxin-D is a substrate of atrB is not 
known. B. fragariae may constitutively express other drug efflux genes such as the 
BMR1 gene encoding an ABC transporter previously correlated with Polyoxin-D efflux at 
levels higher than B. cinerea isolates (Nakajima et al. 2001).  Another possibility is that 
chitin synthetase enzymes of B. fragariae and B. cinerea differ in amino acid sequence, 
which may result in differential binding affinity to Polyoxin-D in the two Botrytis 
species. A recent modelling study of M. graminicola provides support to this hypothesis 
by showing that amino acid differences in MgCYP51 may decrease the affinity of 
demethylation inhibitors (DMI), resulting in reduced sensitivity (Mullins et al. 2011).  All 
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three B. mali isolates were RS to Polyoxin-D, but the sample size was too small to allow 
for solid conclusions about innate RS to Polyoxin-D in this species. 
Though B. fragariae is present in several states of Germany and the USA, the 
source of B. fragariae inoculum is unknown.  The isolates used in this study came from 
plasticulture fields with raised beds that were fumigated prior to planting nursery 
transplants in the fall. Therefore, it is reasonable to hypothesize that B. fragariae may 
have come from nurseries, especially since spread of B. cinerea inoculum from nursery to 
field through latent infections of nursery stock is well documented (Peres 2015; Oliveira 
and Peres 2014; Schnabel et al. 2015). Screening of 91 isolates from major nursery stock 
providers yielded only B. cinerea.  Since all nursery isolates were obtained from 
symptomatic leaves, while most isolates used for Polyoxin-D sensitivity profiling came 
from blossoms, a host tissue preference could explain our inability to find B. fragariae in 
nursery stock.  Results from a commercial farm in Mullins, SC, indicated that B. 
fragariae prefers blossoms to either leaves or fruit, but both species were found in leaves.  
This indicates that host tissue preference is not the best explanation for the absence of B. 
fragariae in nursery isolates.    Though B. fragariae was found on leaves in Mullins, SC, 
it was not found on fruit.  In fact, a complete species shift occurred: all isolates recovered 
from blossoms were B. fragariae and all isolates recovered from fruit on the same plants 
were B. cinerea (Fig. 3.5).  Subsequent analysis of our collection from Clemson did 
reveal instances of B. fragariae infecting fruit tissue, but they were rare (data not shown).  
These results agree with competition studies performed in Germany which revealed that 
B. fragariae is outcompeted by B. cinerea on fruit in vitro (Rupp et al. 2017).   
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Since no B. fragariae was found in a collection from nursery stock, inoculum may 
instead be endemic and originate from overwintering plant debris or alternate hosts near 
strawberry plantings. Because we found that Polyoxin-D RS isolates produce more 
sclerotia than S isolates in vitro, overwintering of B. fragariae sclerotia between planting 
beds in form of sclerotia appears more plausible, especially since B. fragariae appear to 
have a limited host range (Dowling et al. 2016; Rupp et al. 2017).   
 In conclusion, B. fragariae from United States strawberry fields differs from B. 
cinerea in sensitivity to Polyoxin-D, cultural characteristics on PDA medium, inoculum 
source, and host tissue preference. The newly developed primers reported in this study 
will allow for easy distinction between the species causing gray mold of strawberry.  
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Figures and Tables:  
Table 3.1. Origin and species frequency for all isolates examined in this study.     
Origin   Isolate frequency 
Source Location Host tissue 
  
B. fragariae B. mali B. cinerea 
Grower farmsa 
 
Maryland Blossoms   0 1 6 
Virginia Blossoms   0 0 1 
North Carolina Blossoms   4 0 1 
 
Fruit   0 0 8 
South Carolina Blossoms   34 2 16 
Ohio Blossoms   1 0 4 
Grower farm Mullins, SC Blossoms   28 0 0 
  
Leaves   6 0 2 
  
Fruit   0 0 10 
Nursery North Carolina Leaves   0 0 28 
 California Leaves   0 0 35 
 Ontario Leaves   0 0 2 
 Nova Scotia Leaves   0 0 26 
aIsolates in this location type category were revived from a previous study (Dowling et al. 
2016). 
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Table 3.2. Species-specific primer sequences for distinguishing Botrytis cinerea from 
Botrytis fragariae and Botrytis mali 
 
Name  Nucleotide sequence Anneals to 
CFM_NEP2  5’-GTAGGAACAGTTTATGAG-3’ All 3 species 
C_NEP2  5’-GACCCATTGAGTGATCGACG-3’ B. cinerea 
F_NEP2  5’- TAGTTTGGATCTGTAAGGAGGTGA-3’ B. fragariae 
M_NEP2  5’- ACCACTAAGAAACGTTAGAGACATG-3’ B. mali 
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Table 3.3. Pairwise comparison showing the average percentage of each sequence that 
differed between species.  This percentage was obtained by dividing the number of 
nucleotide differences between species by the total sequence length 
    Gene 
Species Compared to G3PDH HSP60 RPB2 NEP1 NEP2 
B. fragariae B. cinerea 4.2% 4.4% 4.7% 9.6% 1.2% 
B. cinerea B. mali 1.4% 3.0% 4.4% N/Aa 1.2% 
B. mali B. fragariae 3.8% 4.7% 2.8% N/Aa 9.6% 
aNEP1 gene sequence was not obtained for B. mali 
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Figure 3.1. Schematic of a 705-bp fragment of the NEP2 gene showing primer location 
and size of fragments produced by each primer set for Botrytis species identification.  
Each solid black arrow represents a primer and the name of the primer is listed above the 
arrow. The letters below each arrow indicate the first three or four nucleotides where 
each primer anneals.  Nucleotides that vary between species and allow differentiation are 
shown in bold.  Gray segments indicate introns and black segments represent exons. 
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Figure 3.2. Morphology in form of sporulation capacity (above) and hyphal density 
(below) of representative isolates of each species on potato dextrose agar after 
approximately 1 month of growth (PDA).  Isolates 14.9.15, 36.3.15, and 13.6.15 
represented the species B. cinerea, B. mali, B. fragariae, respectively. 
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Figure 3.3. Amplification of Botrytis species collected from strawberry using species-
specific primers CFM_NEP2, C_NEP2, F_NEP2, and M_NEP2.   Lanes 1, 2, and 3 
contain PCR products amplified from B. cinerea, B. fragariae, and B. mali templates, 
respectively.  Lane 4 contains no amplicon from an attempt to amplify from B. 
caroliniana template.  Lane marked “L,”: GeneRuler 1 kb Plus DNA Ladder (Thermo 
Fisher Scientific, Waltham, MA).  B. caroliniana, B. ricini (data not shown), and failed 
PCR reactions produce no amplicons, but leftover PCR materials are visible in the bottom 
of the lane and may appear as a band, as seen in lanes 1 and 4.   
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Figure 3.4. Number of isolates collected from flowers in multiple states and locations 
within states for three Botrytis species sensitive (S; 0% relative growth), moderately 
sensitive (MS; >0%-70% relative growth), and reduced sensitive (RS; >70% relative 
growth) to Polyoxin-D. Letters representing statistical differences are valid within each 
phenotype, but not across phenotypes.  The number of locations refers to the number of 
farms where isolates were collected.  S isolates were found in all 5 states (15 locations), 
MS in 4 states (12 locations), and RS isolates in 3 states (13 locations).   
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Figure 3.5. Species distribution of Mullins, SC isolates collected from different 
strawberry tissues pre-harvest (blossoms), mid-harvest (leaves), and post-harvest (fruit) 
to determine if B. fragariae had preference for blossom tissue.  
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CHAPTER FOUR 
FUNGICIDE RESISTANCE IN BOTRYTIS FRAGARIAE AND SPECIES 
PREVALENCE IN THE MID-ATLANTIC UNITED STATES 
 
This work has been published: 
Dowling, M. E., Hu, M. J., and Schnabel, G. 2017. Fungicide Resistance in B. fragariae 
and Species Prevalence in the Mid-Atlantic United States. Plant Disease. First Look. 
[Dr. Mengjun Hu provided initial samples and performed fungicide resistance profiling.  
Madeline Dowling performed all other analyses.] 
Abstract 
Botrytis fragariae was recently described causing gray mold of strawberry in Germany 
and the United States.  The goal of the present study was to determine its prevalence, 
distribution, and sensitivity to fungicides in strawberry fields of five states.  A total of 
188 Botrytis isolates were obtained from flowers and fruit sampled from the states of 
Maryland (35), Virginia (38), North Carolina (46), South Carolina (41), and Georgia 
(28).  Only 13 of these were fruit samples and came from South Carolina (5) and Georgia 
(8).  B. fragariae made up 35.1% of the entire collection, and composed close to half of 
the Botrytis population in North Carolina (43.4%), South Carolina (61.0%), and Georgia 
(42.9%).  One isolate of Botrytis mali was also found, and the rest of the isolates were 
Botrytis cinerea (sensu lato).  B. fragariae and B. cinerea were found coexisting in 11 
fields, while other field samples consisted of only B. fragariae (3) or only B. cinerea (10) 
isolates.  B. fragariae isolates with resistance to one or more fungicides were found, and 
resistance profiles differed from those of B. cinerea in that no resistance to cyprodinil 
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(FRAC 8) or boscalid and other FRAC 7 botryticides was detected.  We detected B. 
fragariae resistance to the active ingredients thiophanate-methyl, iprodione, fludioxonil, 
and fenhexamid.  We also detected B. fragariae isolates with resistance to up to 4 
chemical classes of fungicides, though most isolates were resistant to 1 or 2 chemical 
classes.  In conclusion, isolates of the newly detected species, B. fragariae, were 
commonly found on strawberry flowers in the Mid-Atlantic United States, and have 
developed resistance to many of the most commonly used botryticides. Though the 
relevance of this species to pre- and post-harvest fruit infections is unknown, fludioxonil 
applications may give this species a competitive advantage over B. cinerea.  Controlling 
this fungus with FRAC 7 fungicides may be an effective way of limiting its spread in 
strawberry fields.  
Introduction 
Gray mold is one of the most devastating diseases on strawberry, and is most 
commonly caused by the pathogen B. cinerea (Maas 1998; Fillinger and Elad 2015).  For 
many years, B. cinerea has been viewed as the only major pathogen causing gray mold 
on strawberry in the United States, since other species causing this disease have limited 
prevalence (Li et al. 2012; Amiri et al. 2016; Maas 1998; Dowling and Schnabel 2017a).  
However, in Europe, 38 isolates of a newly described species, B. fragariae, were 
recovered from strawberry vegetative tissue and fruit in   fields and four different German 
states making up 2.5% of the collection population (Rupp et al. 2017).  Though this 
percentage may seem insignificant compared to B. cinerea frequencies, it indicates that 
B. fragariae is common and geographically widespread in comparison to other minor 
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Botrytis species previously detected on strawberry which were found at low frequencies 
in few fields (Dowling and Schnabel 2017a; Amiri et al. 2016; Li et al. 2012).   
During a regional fungicide resistance monitoring program, 39 isolates of B. 
fragariae were detected in the states of Ohio, North Carolina, and South Carolina around 
the same time that isolates of the same species were detected in Europe (Rupp et al. 2017; 
Dowling et al. 2017b).  The isolates from the USA were distinct from B. cinerea isolates 
in their cultural characteristics, sensitivity to polyoxin D, and inoculum source.  
However, no studies have yet been performed to determine the prevalence of this species 
in the USA. Another aspect of B. fragariae that separates it from other Botrytis species 
causing gray mold on strawberry is its unique fungicide resistance patterns (Rupp et al. 
2017).  B. fragariae in Germany had resistance to up to 5 chemical classes of fungicides, 
and individual isolates exhibited multiple chemical class resistance to up to 4 chemical 
classes. In some cases, B. fragariae exhibited greater resistance frequencies than B. 
cinerea (Rupp et al. 2017).   
The goal of this study was to (i) determine the prevalence of B. fragariae in 
strawberry fields of the Mid-Atlantic USA, (ii) determine whether this species is found in 
mixture or in single species populations, and (iii) determine resistance to commonly used 
chemical classes of fungicides. 
Materials and Methods 
Sample collection and isolation.  Symptomatic strawberry blossoms and fruit 
were obtained from 24 commercial strawberry fields in Maryland (4 fields), Virginia (5 
fields), North Carolina (6 fields), South Carolina (6 fields), and Georgia (3 fields) during 
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bloom from February to March 2016 (Table 4.2).  Fruit samples were obtained in 
February from one location in Georgia and one location in South Carolina that used high 
tunnel or greenhouse production for early harvesting.  Three fields were from the same 
geographic location, so isolates from these fields were grouped together to form a total of 
21 geographically distinct locations (Fig. 4.1).  Tissue samples were surface sterilized 
and kept at 100% relative humidity for 3 days, as described previously, until the fungus 
produced spores (Fernández-Ortuño et al. 2014). Single spore isolations were performed 
as described previously (Dowling et al. 2016a) to obtain 188 Botrytis isolates from 175 
blossoms and 13 fruits.  No location was represented by more than 10 single spore 
isolates, with an average of 7.8 isolates per field, and no fewer than 5 isolates/field (Table 
2).  We obtained fungicide spray records for some fields (Table 4.2), which indicated that 
after planting, but prior to bloom, many commercial growers followed spray guide 
recommendations and exclusively used multi-site fungicides (FRAC M) (Brannen et al. 
2017).  
PCR-based isolate identification. Isolates were identified to the species level 
using a previously published polymerase chain reaction (PCR) assay (Dowling et al. 
2017b).  Reactions consisted of a small, barely visible, amount of fungal hyphae for DNA 
template (obtained from fungal cultures grown on potato dextrose agar (PDA) for one 
week), 1 µL of each primer (20 µM concentration), hot start taq polymerase PCR mixture 
(Bioneer, Alameda, CA), and 16 µL of DNase-free sterile water for a total reaction 
volume of 20 µL.  PCR products were analyzed by gel electrophoresis on 1.5% agarose 
gels.   
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Fungicide resistance screening. We screened B. fragariae isolates for resistance 
to the most commonly used Fungicide Resistance Action Committee (FRAC) modes of 
action used to control Botrytis. Isolate sensitivities to cyprodinil (anilinopyrimidine; 
FRAC 9), boscalid (succinate dehydrogenase inhibitor; FRAC 7), penthiopyrad (FRAC 
7), fluopyram (FRAC 7), pydiflumetofen (FRAC 7), isofetamid (FRAC 7), iprodione 
(dicarboxamide; FRAC 2), fenhexamid (hydroxyanilide; FRAC 17), fludioxonil 
(phenylpyrrole; FRAC 12), thiophanate-methyl (methyl benzimidazole carbamate; FRAC 
1), and polyoxin-D (chitin synthase inhibitor; FRAC 19) were determined based on visual 
assessment of radial mycelial growth.  This testing was performed as part of a regional 
fungicide resistance monitoring study using media and methods previously validated by 
comparison to spore germination analysis (Fernández-Ortuño et al. 2014).  In this study, 
we replaced pyraclostrobin with 5 μg/mL polyoxin D (Dowling et al. 2016b), since 
pyraclostrobin is technically not a botryticide and only provides suppressive activity 
against Botrytis according to the Cabrio EG (BASF, Research Triangle Park, NC) product 
label.  Formulations, FRAC codes, media, and discriminatory doses of all fungicides used 
are shown in Table 4.1.  Fungicides were chosen to represent single-site modes of action 
(MOA) currently registered for gray mold control in the United States.  Succinate 
dehydrogenase inhibitors (SDHIs/FRAC 7) were represented with five active ingredients 
of different chemistry (pyridine-carboxamide, pyrazole-4-carboxamide, pyridinyl-ethyl-
benzamide, phenyl-oxo-ethyl thiophene amide, and N-methoxy-(phenyl-ethyl)-pyrazole-
carboxamide) due to incomplete cross resistance among FRAC 7 chemistries (Stammler 
et al. 2015). Isolates were cultured on various media amended with discriminatory doses 
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of fungicides (Table 4.1) and grouped into the categories sensitive (S), reduced sensitive 
(RS), moderately resistance (MR), and resistant (R) to each fungicide based on visual 
mycelial growth assessment (Fernández-Ortuño et al. 2014).  After four days of 
incubation in the dark at 22℃, mycelial growth was assessed.  Isolates were designated 
as S if no growth was observed, RS if growth was less than 3 mm, MR if growth was 
between 3 mm and 7.5 mm, R if growth was greater than 7.5 mm in a 15 mm diameter 
well.  Our RS category for the fungicides cyprodinil, iprodione, fenhexamid, and 
fludioxonil corresponds to the low resistance (LR) category described by Fernandez-
Ortuño et al. 2014.  For polyoxin D, all isolates able to grow at the 5ppm discriminatory 
dose were designated RS (Dowling et al. 2016b). 
Statistical analysis.   To determine if the distribution of sensitivities to each 
fungicide was different between the two species, B. fragariae and B. cinerea, as it was in 
Germany, statistical analysis was performed.  Chi-square analyses were implemented for 
cyprodinil, fludioxonil, fenhexamid, iprodione, fluopyram, penthiopyrad, isofetamid, and 
pydiflumetofen individually, where the distribution of isolates in all four sensitivity 
categories (S, RS, MR, and R) were compared between B. fragariae and B. cinerea using 
4 X 4 contingency tables.  For thiophanate-methyl, boscalid, and polyoxin D, Fisher’s 
exact tests were performed, since only two sensitivity categories existed for each of these 
fungicides.  All statistical analyses were performed using JMP Pro 12 (SAS Institute, 
INC., Cary, NC) using a significance level of α=0.05.   
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Results 
Botrytis fragariae species prevalence.  A total of 188 isolates, mostly from 
flowers of annual strawberry plants, were identified to the species level using species-
specific primers (Dowling et al. 2017b).  B. cinerea made up 64.4% of the population, 
followed by B. fragariae (35.1%) and B. mali (0.5%).  Of the 13 isolates obtained from 
fruit, 7 were B. fragariae and 6 were B. cinerea.  All B. fragariae isolates from fruit were 
collected from the same field in Georgia. Botrytis fragariae and B. cinerea were found in 
all five states (Fig. 4.2).  Commercial strawberry fields in Maryland and Virginia mainly 
contained B. cinerea isolates, but approximately equal ratios of B. fragariae and B. 
cinerea were found in commercial fields from North Carolina, South Carolina, and 
Georgia.  One isolate of B. mali was found in Georgia (Fig. 4.2).  B. fragariae and B. 
cinerea coexisted in 11 of the 24 fields sampled. These fields were found in each of the 
five states examined. The average frequency of B. cinerea and B. fragariae isolates in 
mixed fields was 55% and 45%, respectively.   
Fungicide resistance profiles by species.  Sensitivity to 11 active ingredients of 
8 chemical classes of fungicides was determined for all isolates.  B. fragariae resistance 
to thiophanate-methyl, iprodione, fludioxonil, fenhexamid, and polyoxin-D was detected 
(Fig. 4.3).  Most notably, and in contrast to B. cinerea, B. fragariae isolates were not 
resistant to any of the FRAC 7 fungicides tested (boscalid, penthiopyrad, fluopyram, 
fluxapyroxad, or pydiflumetofen) or to cyprodinil (Fig. 4.3).  Because no resistance to 
fluopyram, fluxapyroxad, or pydiflumetofen was detected in either species, these 
fungicides were not included in Figure 3.  Since sample sizes and species frequencies in 
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individual fields varied depending on location, results could potentially be biased due to 
differing location-specific spray histories.  However, a subset of isolates was analyzed 
from five fields where both species coexisted and each was represented by more than one 
isolate and where three of the fields were known to have been only sprayed with non-
selective, FRAC M fungicides between planting and bloom (Table 4.2; Figures A.1 and 
A.2).  Results from this subset agreed with the complete dataset, indicating that results 
were not affected by fungicide sprays between planting and sampling.  There were more 
B. fragariae than B. cinerea isolates with resistance to fludioxonil (p = 0.0149) and RS to 
polyoxin D (p = 0.0015).  B. fragariae isolates with resistance to thiophanate-methyl and 
RS to polyoxin D were found in every state, and fenhexamid resistance was observed in 
four out of the five states.  However, B. fragariae isolates resistant to iprodione and 
fludioxonil were less widespread and found in two and three states, respectively.  
However, in the five fields where fludioxonil resistance was present and both species 
coexisted, fludioxonil resistance frequencies were significantly greater for B. fragariae 
isolates than B. cinerea isolates (p < 0.0001), even though B. fragariae was 
underrepresented in each population.  This information is preliminary, due to small 
sample sizes, but the data is relevant since this phenomenon was observed in five 
separate fields in three states. 
Multiple fungicide resistance.  We also investigated the frequency of isolates 
from each species with multiple chemical class resistances (CCRs) using the same two 
pools of isolates described above (Fig. 4.4).  B. fragariae isolates exhibited fewer 
multiple CCRs compared to B. cinerea and most isolates were 1CCR and 2CCR.  Table 
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4.3 provides the most common phenotypes of each CCR level.  Single isolates of B. 
fragariae were present in each of the 3CCR and 4CCR categories and none were in the 
5CCR or 6CCR categories. In contrast, more than 60% of the B. cinerea isolates made up 
3CCR to 6CCR categories with three isolates being resistant to six chemical classes of 
fungicides (6CCR).  In the smaller pool of isolates, results were again similar to the 
overall isolate pool (Fig. 4.4).  Polyoxin D was not included in this analysis because field 
relevance of RS to polyoxin D has not yet been determined, and, therefore, we do not yet 
consider isolates defined as RS in this study to be “resistant.” 
Discussion 
B. fragariae was first documented in the United States only recently (Rupp et al 
2017) and, subsequently, differences in polyoxin D sensitivity between this species and 
B. cinerea were reported. Analysis of isolates from various plant sources indicated that 
inoculum may not derive from nurseries and that B. fragariae may prefer strawberry 
flowers over green or mature fruit (Dowling et al 2017b).  In the current study, we further 
characterize B. fragariae by examining its prevalence across five Mid-Atlantic states, 
documenting resistance to multiple fungicides, and comparing fungicide resistance 
profiles with those of B. cinerea.    
Though only 71 total B. fragariae isolates were detected in this study, these 
isolates made up 35.1% of our collection population and were present in all five states 
sampled.  The geographic distribution and high prevalence of B. fragariae in our 
collection indicates the species is common on strawberry flowers in mid-Atlantic states.  
Most of the fields sampled in this study contained both B. cinerea and B. fragariae, 
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indicating that they often live in syntopy, despite the previously reported lower fitness of 
B. fragariae (Rupp et al. 2017).  Other factors such as fungicide resistance, selection 
advantage, or host tissue preference may play a role in the interaction that allows B. 
fragariae to coexist with B. cinerea.  A similar syntopic interaction has been detected 
between the species B. pseudocinerea and B. cinerea on strawberries and grapes in 
Europe.  Because B. pseudocinerea is widely distributed in Europe and has been detected 
in California on blueberry (Saito, Michailides, and Xiao 2014), we tested isolates with the 
fungicide resistance profile typical of B. pseudocinerea using G3PDH sequences, but did 
not find this species in our collection (data not shown).  
In the current study, B. cinerea and B. fragariae isolates differed in fungicide 
resistance profiles.  In our collection, B. fragariae isolates were more likely to have RS to 
polyoxin D, agreeing with our previous study that showed a significantly larger 
frequency of B. fragariae isolates RS to polyoxin D than B. cinerea isolates (Dowling, 
2017b).  B. fragariae fenhexamid resistance frequencies were lower than those of B. 
cinerea, but resistant isolates were detected in our collection, though they were not 
observed in Germany (Rupp et al. 2017).  We also observed significantly higher 
frequencies of B. fragariae isolates with resistance to fludioxonil than B. cinerea isolates 
collected from the same fields.   
Resistance to SDHIs (FRAC 7 fungicides) was nonexistent in our collection of B. 
fragariae isolates. This is consistent with the lack of boscalid resistance observed in 
Germany (Rupp et al. 2017), and indicates that B. fragariae may not develop resistance 
to SDHIs as readily as B. cinerea does. This is unusual, since many SDHI resistance 
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mutations have been detected in B. cinerea’s Succinate Dehydrogenase Subunit B 
(SDHB) gene, including H272Y, H272R, N230I, and P225F (Hahn 2014; Hu et al. 2016; 
Veloukas et al. 2012).  Resistance to SDHIs may even be conferred by mutations in other 
succinate dehydrogenase subunits, including A85V in Succinate Dehydrogenase Subunit 
C (SDHC), and H132R in Succinate Dehydrogenase Subunit D (SDHD) (Fraaije et al. 
2012).  Possibly, B. fragariae may not tolerate changes in SDH subunits because these 
subunits may have additional functions in this species that do not allow for much 
diversity. Or, perhaps, this species has been less exposed to fungicide selection pressure, 
which would be expected if flowers are indeed the main tissue colonized and fruit are not 
regularly infected (Dowling et al. 2017b). In that case, all applications past the flowering 
stage would not exhibit selective pressure on the population.   
One of the most disturbing characteristics of B. cinerea is the ability of single 
isolates to rapidly develop resistance to multiple chemical classes of fungicides.  In a 
recent study, single isolates were detected with unprecedented resistance to seven major 
chemical classes of fungicides used to control gray mold (Fernández-Ortuño et al. 2014).  
This increasing multi-fungicide resistance is alarming since single-site inhibitor 
fungicides may become useless in any field where 7CCR isolates are present (Fernández-
Ortuño et al. 2014).  A recent study shows that these isolates with multiple CCR are 
likely to be selected by resistance management measures like fungicide rotations in fields 
where they exist even at low frequencies (Hu et al. 2016).  Likely, in past studies, B. 
fragariae isolates were included with B. cinerea isolates in studies of multiple chemical 
class resistance.  In this study, for the first time in the United States, we analyzed the 
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species separately to clarify the contribution of B. fragariae to multiple CCR of Botrytis 
causing gray mold on strawberry.  Almost all (95.8%) B. fragariae isolates were 1CCR 
(all resistant to thiophanate-methyl) and 2CCR (thiophanate-methyl + fludioxonil or 
fenhexamid) and very few were 3CCR and 4CCR (Table 4.3; Fig. 4.4). This indicates 
that the species may not have been as exposed to selection by fungicide rotations as B. 
cinerea.  Most German B. fragariae isolates did not exhibit resistance to four, five, and 
six chemical classes either (Rupp et al. 2017).  
Because this study focused on isolates collected from strawberry flowers and not 
fruit, the economic significance of B. fragariae is unclear. Since fruit infections are often 
initiated in spring during bloom, it is likely that this species will cause at least some pre-
harvest and post-harvest fruit rot, similar to B. cinerea (Bulger et al. 1987).  Also, some 
isolates in our collection and previous collections from the USA and Germany originated 
from fruit, showing that this species is capable of infecting and reproducing on fruit 
(Dowling et al. 2017b, Rupp et al. 2017). It is unknown whether fruit infections 
originated in previous blossom infection or from direct infection of wounded or healthy 
fruit.  Lower growth rate and sporulation capacity on fruit and in vitro previously 
observed in B. fragariae isolates indicates that this species may be outcompeted by B. 
cinerea as the season progresses (Dowling et al. 2016b; Rupp et al. 2017). Though B. 
fragariae’s fitness parameters and host tissue preference indicate that it may be of minor 
economic importance, it is worthy of concern because of its greater frequencies and 
levels of resistance to fludioxonil and its prevalence in strawberry fields.  Only an 
extensive survey of Botrytis species during bloom, pre-harvest, and post-harvest in 
 84 
multiple fields and seasons will fully clarify the importance of this species to commercial 
strawberry production.   
While B. fragariae’s economic importance is undocumented, it has definite 
practical importance because of its many unique traits. Most certainly, B. fragariae 
should be distinguished from B. cinerea and other gray mold species when fungicide 
resistance is of concern. From a disease management perspective, growers struggling 
with fludioxonil resistance may be battling B. fragariae and should consider including a 
FRAC 7 in their fungicide rotations to decrease the frequency of B. fragariae in their 
fields. Scientifically, it is likely that past research involving gray mold on strawberry 
unwittingly treated the two species of Botrytis as one, which would have inflated B. 
cinerea fludioxonil resistance frequencies, genetic diversity, and MDR levels, as well as 
underestimated B. cinerea boscalid resistance frequencies (Fernández-Ortuño et al. 2014; 
Hu, Cox, and Schnabel 2016; Leroch et al. 2013).  
In conclusion, we report that, in our collection, B. fragariae was the most 
prevalent species of Botrytis affecting strawberry flowers in Maryland, Virginia, North 
Carolina, South Carolina, and Georgia besides B. cinerea, and that it is commonly found 
coexisting with B. cinerea in these states.  Its fungicide resistance and chemical class 
resistance patterns differ from B. cinerea’s.  In our collection, B. fragariae isolates lacked 
resistance to FRAC 7 fungicides and, relative to B. cinerea, more B. fragariae isolates 
were resistant to fludioxonil.  Depending on how economically important B. fragariae is 
or will become, gray mold control strategies may have to be adjusted to accommodate 
this species’ characteristics.   
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Table 4.1.  Concentrations of active ingredients, formulations, and media used to assess 
sensitivity of Botrytis fragariae and Botrytis cinerea to selected fungicides  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ᵃCzapek-Dox Agar (CzA); Malt Extract Agar (MEA), Yeast Beef Agar (YBA). 
bConcentration of active ingredient 
Active ingredient Trade name 
FRAC 
code  µg/mLb Medium 
Thiophanate-methyl Topsin-M 1 100 MEA 
Iprodione Rovral 4F 2 10 MEA 
Boscalid Endura  7 75 YBA 
Fluopyram Luna Privilege 7 10 YBA 
Penthiopyrad Fontelis 7 5 YBA 
Isofetamid Kenja 400SC 7 5 YBA 
Pydiflumetofen Adepidyn 7 5 YBA 
Cyprodinil Vangard WG 9 4 CzA 
Fludioxonil Scholar 12 0.5 MEA 
Fenhexamid Elevate 50WDG 17 50 MEA 
Polyoxin D Ph-D WDG 19 5 MEA 
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Table 4.2.  Overview of isolates collected from each location in 2016, showing the 
frequency of each species and the distribution of species within fields 
State Locationᵃ Fieldᵇ 
Species  
detectedᶜ 
N  
isolates 
N 
Bc 
N  
Bf 
Sampling 
month 
Sample 
tissue 
FRAC codes 
appliedd 
MD 1 1 Bc 7 7 0 March Flower Unknown 
MDe 2 2 Bc & Bf 8 6 2 March Flower M 
MD 3 3 Bc 10 10 0 March Flower M 
MD 4 4 Bc & Bf 10 7 3 March Flower M 
VA 5 5 Bc & Bf 5 4 1 February Flower Unknown 
VA 6 6 Bc 10 10 0 March Flower M 
VA 6 7 Bc & Bf 10 7 3 March Flower M 
VA 7 8 Bc 7 7 0 March Flower Unknown 
VA 8 9 Bc 6 6 0 March Flower Unknown 
NC 9 10 Bc 5 5 0 March Flower Unknown 
NC 10 11 Bc & Bf 10 5 5 March Flower Unknown 
NC 11 12 Bc 9 9 0 February Flower 7, 11, M 
NC 11 13 Bc & Bf 7 1 6 February Flower 7, 11, M 
NC 12 14 Bc 6 6 0 February Flower Unknown 
NC 13 15 Bf 9 0 9 February Flower Unknown 
SC 14 16 Bf 9 0 9 February Flower Unknown 
SC 15 17 Bc & Bf 5 1 4 February Flower Unknown 
SC 16 18 Bf 10 0 10 March Flower Unknown 
SC 17 19 Bc 5 5 0 February Fruit Unknown 
SC 18 20 Bc & Bf 6 5 1 February Flower Unknown 
SC 19 21 Bc & Bf 6 5 1 February Flower Unknown 
GA 20 22 Bc & Bf 9 4 5 February Flower Unknown 
GA 20 23 Bc & Bf 8 1 7 February Fruit Unknown 
GA 21 24 Bc 10 10 0 March Flower Unknown 
ᵃLocations are defined as the number of city areas where samples were collected. 
ᵇSeveral locations contained more than one field. 
ᶜThe designation "Bc" and “Bf” refer to Botrytis cinerea and Botrytis fragariae, 
respectively.   
dFRAC codes applied after planting but prior to sampling. 
eLocations with information in bold were included in the smaller pool of isolates included 
in supplementary figures to control for sampling and species bias. Locations in italics 
provided fungicide application records from planting to bloom in 2016. 
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Table 4.3.  Most frequent phenotypes associated with different categories of chemical 
class resistance (CCR) for B. fragariae and B. cinerea in our collection 
    Fungicide   
N  
B. fragariae 
N  
B. cinerea Tm Fe Cy Bo Ip Fl #CCR 
1 18 S S S S S S 0CCR 
51 23 R S S S S S 1CCR 
6 0 R S S S S R 2CCR 
6 3 R R S S S S 2CCR 
0 8 R R R S S S 3CCR 
1 0 R S S S R R 3CCR 
0 11 R R R R S S 4CCR 
1 0 R R S S R R 4CCR 
0 24 R R R R R S 5CCR 
0 3 R R R R R R 6CCR 
aFungicide names are abbreviated as follows: Tm=thiophanate-methyl, Fe=fenhexamid, 
Cy=cyprodinil, Bo=boscalid, Ip=iprodione, Fl=fludioxonil. 
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Table 4.4. Frequency and distribution of Botrytis spp. known to infect strawberry in the 
United States 
ᵃStates where each Botrytis spp. was detected on strawberry. 
ᵇBotrytis cinerea is likely present where strawberry production occurs in these states, but 
to our knowledge no publications report the fungus in these states. 
cPublications describing the first detection of B. cinerea, B. fragariae, B. mali, B. 
caroliniana, and A. ricini were by Stevens 1914, Rupp et al. 2017, Dowling and Schnabel 
2017a, X. Li et al. 2012, and Amiri et al. 2016, respectively. 
Species Frequency Statesᵃ  Host plant tissue 
Year 
detectedc 
B. cinerea common 
All except Nebraska, New 
Mexico, North Dakota, South 
Dakota, Utah, and Vermontᵇ 
blossom, leaf, and fruit 1914 
B. fragariae common 
Ohio, Maryland, Virginia, 
North Carolina, South 
Carolina, and Georgia 
blossom, leaf, and fruit 2015 
B. mali rare South Carolina, Maryland blossom 2015 
B. caroliniana rare North Carolina fruit 2011 
A. ricini rare Florida blossom, leaf 2013 
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Figure 4.1.  Map of collection locations and species found at each town/city within the 5 
states used in this study.   An average of 7.8 isolates was sampled from each of 24 fields, 
and 21 geographically distinct locations.  Three of these locations contained more than 
one field.  Locations containing more than one field are marked with numbers denoting 
how many fields are represented by that location. 
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Figure 4.2.  Prevalence of Botrytis fragariae, Botrytis cinerea, and Botrytis mali from 
strawberry flowers and fruit in 24 total fields within the states of Maryland (MD; 4 
fields), Virginia (VA; 5 fields), North Carolina (NC; 6 locations), South Carolina (SC; 6 
locations), and Georgia (GA; 3 locations). 
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Figure 4.3.  Fungicide resistance profiles of isolates in our collection displaying 
resistance (R), moderate resistance (MR), reduced sensitivity (RS), and sensitivity (S) to 
fungicides from 8 chemical classes.  Thiophanate-methyl, boscalid, and penthiopyrad 
have only R or S categories since no quantitative resistance has been detected in Botrytis 
on strawberry.  Because no resistance to the FRAC 7 fungicides fluopyram, isofetamid, 
or pydiflumetofen was detected in either species, they were not included in this figure.  
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Figure 4.4.  Frequency of multiple chemical class resistances (CCR) in B. cinerea and B. 
fragariae isolates.  The FRAC 11 fungicide pyraclostrobin was not included in this study, 
so the CCR categories are not identical to those of our previous work (Hu et al. 2016, 
Rupp et al. 2017).   
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CHAPTER FIVE 
 
CONCLUSIONS 
 
This work reviewed the importance of gray mold to strawberry production and 
discussed the species causing this disease worldwide.  It highlighted initial work 
presenting the newly described species B. fragariae in the United States: its discovery 
through characterization of isolates with reduced sensitivity to the fungicide polyoxin D, 
its further characterization and identification, and its fungicide resistance and prevalence 
in the Mid-Atlantic United States.   Unlike other Botrytis species detected so far on 
strawberry in the United States or Europe, B. fragariae combines a fungicide resistance 
profile unique from B. cinerea with geographic distribution across two continents.  
Reduced sensitivity to polyoxin D in isolates of B. fragariae untreated with this chemical 
indicates underlying genetic differences between B. fragariae and B. cinerea that may 
predispose this species to resistance to chemical classes that B. cinerea has little 
resistance to, such as fludioxonil.  Further underlying genetic differences may lead to B. 
fragariae’s apparent preference for blossom over fruit tissue.  Exploring these differences 
in greater detail in the future may clarify the scientific importance of this species.  Future 
research should also demonstrate how broadly distributed this species is throughout the 
United States and the world, and will indicate its importance as a causal agent of gray 
mold to strawberry growers worldwide.   
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Appendix A 
SUPPLEMENTARY FIGURES FOR CHAPTER 4 
 
Figure A.1. Comparison of fungicide resistance profiles of isolates in our collection 
displaying resistance (R), moderate resistance (MR), reduced sensitivity (RS), and 
sensitivity (S) to fungicides from 8 chemical classes for (A) all 188 isolates in collection, 
excepting the B. mali isolate and (B) 47 isolates from fields where both species were 
present and represented by more than one isolate. Because no resistance to the FRAC 7 
fungicides fluopyram, isofetamid, or pydiflumetofen was detected in either species, they 
were not included in this figure.   
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Figure A.2.  Comparison of multiple chemical class resistance (CCR) profiles in B. 
cinerea and B. fragariae isolates between (A) isolates from all 24 strawberry fields and 
(B) CCR profiles of the 5 fields where both species were present and represented by more 
than one isolate. The FRAC 11 fungicide pyraclostrobin was not included in this study, 
so the CCR categories are not identical to those of our previous work (Hu et al. 2016, 
Rupp et al. 2017).   
 
